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Abstract
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Dental enamel is a composite bioceramic material that is the

hardest tissue in the vertebrate body, containing long, thin crys-

tallites of substituted hydroxyapatite (HAP). Over a lifetime of an

organism, enamel functions under repeated and immense loads,

generally without catastrophic failure. Enamel is a product of

ectoderm-derived cells called ameloblasts. Recent investiga-

tions on the formation of enamel using cell and molecular

approaches are now being coupled to biomechanical investiga-

tions at the nanoscale andmesoscale levels. For amelogenin, the

principal structural protein for forming enamel, we have identified

two domains that are required for its proper self-assembly into

supramolecular structures referred to as nanospheres. Nano-

spheresarebelieved tocontrol HAPcrystal habit.Other structural

proteins of the enamelmatrix include ameloblastin and enamelin,

but little is known about their biological importance. Transgenic

animals have been prepared to investigate the effect of overex-

pression of wild-type or mutated enamel proteins on the devel-

opingenamelmatrix.Amelogenin transgeneswereengineered to

contain deletions to either of the two self-assembly domains and

these alterations produced significant defects in the enamel.

Additional transgenic animal lines have been prepared and

studied and each gives additional insights into the mechanisms

for enamel biofabrication. This study summarizes the observed

enamel phenotypes of recently derived transgenic animals.

These data are being used to help define the role of each of the

enamel structural proteins in enamel and studyhoweach of these

proteins impact on enamel biomineralization.
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Introduction

Enamel organic matrix assembly, and the subsequent

processes of biomineralization occur outside the cell in

the extracellular space. As is true for all extracellular

biological matrices, the enamel organic matrix is

assembled without direct contiguous cellular interven-

tion. Enamel-matrix assembly follows the paradigm of

basement membrane assembly. Like enamel, the base-

ment membrane is a structure formed through the

contributions of multiple protein members and is a

structure that assembles solely by virtue of information

contained within the protein constituents themselves.

Some basement membrane proteins have been shown to

contain multiple domains, with each domain contribu-

ting a unique interaction with another protein leading to

assembly and the physiologic function is dependent

upon the fully self-assembled ensemble of proteins (1,2).

Unlike the basement membrane, neither does enamel

remodel, nor does it remain in close contact with the

cells that synthesize the enamel proteins. Rather, cells

that produce enamel (ameloblasts) retract away from the

forming matrix with concomitant mineral deposition

(3). Once enamel has matured, the ameloblasts remain

dormant until the tooth erupts and at this time these cells

are shed from the enamel surface.

What remains hidden within the complex of enamel

proteins is to discover the relationship between an

enamel protein assembly interaction and the charac-

teristic imposed by each of these interactions on the

mineral crystallite. Protein–protein interactions may

impose restraints on crystallite formation within the

matrix, causing the preferred growth on a single crys-

tallite face. Another protein–protein interaction may

impose restrains on crystallite packing. These ideas

have been (4), and continue to be explored by creating

defects in the amelogenin assembly domains and

ascertaining their effect in transgenic animals. That

enamel prisms morphology reflects the morphology of

ameloblasts in a species-specific manner is well

appreciated (5). Unknown at present are the mecha-

nisms by which the ameloblast remains in registry over

a prescribed field of enamel organic matrix. Protein–

protein interactions may also restrain the influence of

each ameloblast to a specific field of the secreted

enamel extracellular matrix. Our laboratory is actively

pursuing proteomics studies aimed at identifying pro-

teins that interact directly with the known enamel

matrix proteins (6). Our methodologies include the

yeast two-hybrid system (Y2H) (7) and other tech-

niques that decipher protein–protein interactions.

Discovering protein–protein interactions
of the enamel extracellular matrix

Since the discovery of a complementary DNA sequence

for amelogenin in 1983 (8), our understanding of the

enamel formation has been significantly aided by the

subsequent discoveries of additional structural organic

components of the enamel extracellular matrix, inclu-

ding ameloblastin (9,10) and enamelin (11). In addition,

data from an animal model null for the biglycan gene

(12,13) indicate that the biglycan protein, while not

unique to the enamel matrix environment, plays a role

in amelogenesis (14). Two enamel-specific proteases

have also been recently characterized and discussed and

these are kallikrein-4 (15) and matrix metalloproteinase-

20 (MMP20) (16,17). The spatiotemporal expression of

each of these enamel proteins have been, and continue

to be, defined but what remains to be investigated is how

each of these enamel matrix components interact with

one another to form a self-assembled matrix competent

to initiate and orchestrate the events of mineralization.

These events of mineralization ultimately result in a

mature enamel that is almost completely absent of any

history of its protein origins. The important role that

each individual protein plays toward the creation of

enamel can be appreciated from the well-ordered hier-

archical structure seen in mature enamel (18), but their

roles in creating this elegant architecture has yet to be

fully illuminated.

In this study, it is our intention to briefly introduce

the nature of the known individual enamel proteins

and summarize recent attempts at defining enamel-

matrix assembly through identifying protein–protein

interactions and protein assembly domains. Using the

Y2H system (7) we have shown that amelogenin self-

assembles and does not interact directly with amelo-

blastin (19). We were also able to demonstrate that

ameloblastin does not self-assemble (19). With these

data we and others believe that we can now define

amelogenin nanosphere structures (20) as being

mediated by definable self-assembly domains at the

amino- and carboxyl-terminal regions of the ameloge-

nin protein (4,21). Using the Y2H system we have data
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(unpublished) showing that enamelin does not self-

assemble, nor does it interact directly with either

amelogenin or ameloblastin.

Animal studies may also shed light on the role each

protein may play within the enamel matrix. For

example, traces of a tyrosine-rich amelogenin peptide

(TRAP) are present in mature enamel. The TRAP region

of amelogenin includes the amino-terminal ameloge-

nin self-assembly domain. In one study, we set out to

answer whether changing the temporal expression

TRAP to an earlier stage of enamel development would

have a positive or negative impact on the resulting

enamel architecture and its mechanical properties (22).

These and other animal models are discussed.

Amelogenin

Amelogenin is the predominant protein in the devel-

oping enamel extracellular matrix. In humans, an

amelogenin gene locus exists on both the X (AMELX;

locus Xp22.3–p22.1) and Y (AMELY; locus Yp11) chro-

mosomes (23) and both genes contain seven exons. In

males, both the X and Y chromosomal-derived amelo-

genins are expressed, but the protein from the

X-chromosome predominates (24). Functionally minor

genomic differences exist between the AMELX and

AMELY at the messenger RNA level (Fig. 1A) and at the

protein level (Fig. 1B), but greater variation exists

within the intron regions of these two genes (25)

(Fig. 1C). These differences are often used in medicine

and forensics to determine the sex of fetus or corpse

whose sex is in question. For such investigational

studies, the methodology of choice is the polymerase

chain reaction (PCR) to distinguish between AMELX

and AMELY based on the differences in size between

well-defined genomic DNA regions (26,27). For exam-

ple, using a forward PCR amplimer to an exon 3

sequence common to both genes and a reverse PCR

amplimer to an exon 4 sequence common to both

genes would produce an amelogenin-specific band

differing in size for AMELX and AMELY. In this case, the

size difference observed between exons 3 and 4 would

be exactly 180 bp (Fig. 1C).

Several independent lines of investigation have

showed an essential role for amelogenin during enamel

organic extracellular matrix assembly. Humans affec-

ted by the inherited enamel defect amelogenesis

imperfecta (AI) often exhibit alterations in the amelo-

genin X-chromosome gene locus which presumably

reduces or eliminates amelogenin expression (28–30).

Amelogenin knock-out mice also display an extremely

severe AI phenotype (31). Enamel phenotypes resulting

from gene mutations are broadly characterized as

hypoplastic or hypomineralized (32,33) by clinicials,

yet these terminologies imply that the condition is

uniformly displayed throughout the enamel, and this is

rarely the case.

Another informative feature of amelogenins is their

highly conserved amino acid sequence. The molecular

weight of the dominant isoform of secreted amelogenin

from all species is approximately 20 kDa, which in

humans equates to a 175 amino acid product, and in

mice equates to a 180 amino acid product. Conserva-

tion is particularly obvious among the amino-terminal

50 residues and again in the carboxyl-terminal 20 res-

idues (25,34). Conservation of the amino acid sequence

often implies important physiologic relevance. The

supramolecular assembly of amelogenin into ‘nano-

spheres’ has been assumed to be critical for the func-

tion of this structural protein during enamel formation.

Two human pedigrees with an X-linked amelogenesis

imperfecta (AIH1) phenotype (35,36) have point

mutations in the amino-terminal, TRAP segment of

amelogenin (c. amino acid residues 1–45). Both these

documented AIH1 point mutations have been experi-

mentally reproduced as recombinant proteins and, by

comparing these mutated amelogenins with wild-type

amelogenin, altered nanosphere dimensions (37) and

altered amelogenin assembly kinetics (38) were

observed.

The hydrophilic carboxyl-terminal of amelogenin

binds hydroxyapatite (HAP) as demonstrated both

in vitro and in vivo, and this suggests that the carboxyl-

terminal region facilitates initial orientation of amelo-

genin along the forming enamel crystallites (39–42).

Experimental support for self-assembly of enamel

proteins comes from work on highly purified bacterial-

expressed mouse amelogenin (M180) that was shown

to assemble into nanospheres in vitro(4,43,44). Nano-

sphere assembly is also observed adjacent to HAP

crystallites during in vivo enamel formation (45,46)

suggesting that amelogenin self-assembly is an essen-

tial property required to direct the mineral phase.

Based upon this information, we initiated studies

using the Y2H (21) to search for amelogenin-to-amelo-
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genin interacting peptide domains. This experimental

strategy revealed that the mouse amelogenin self-

assembly was dependent upon the amino-terminal

residues 1–42 (domain A) and the carboxyl-terminal

residues 157–173 (domain B)(21). Data suggest that the

amelogenin self-assembly domains, as revealed by the

Fig. 1. ClustalW alignments for the human X-derived and Y-derived amelogenin gene and its mRNA and protein products. (A) Complementary

DNA sequences for the human X (X) and human Y (Y) chromosome-derived amelogenin genes. (B) Protein sequences for the human X (X) and

human Y (Y) chromosome-derived gene products. In males, the amelogenin protein is produced predominantly from the X chromosome. (C)

Significant variation of the DNA sequence exists within the intron regions of these two amelogenin genes. The genomic sequence for AMELX

exons 3–5 (AMELX Ex3–5) compared with AMELY exons 3–5 (AMELY Ex3–5) is shown. Exons 3–5 regions/domains are identified by the

consensus line.
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Fig. 1. (Continued)
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Y2H system, are also relevant to the formation of normal

enamel in vivo. It suggests further that amelogenin

assembles though interactions between domains A and

B and that the concept of amelogenin assembly into

nanospheres is a valid model for enamel formation

(38,47).

Leucine-rich amelogenin peptide

The leucine-rich amelogenin peptide (LRAP) is a result

of alternate-splicing of the amelogenin mRNA (25,48).

Alternative-splicing is possible because of the multiple

exons contained in the transcribed amelogenin RNA. In

the murine model, the secreted LRAP protein contain-

ing 59 amino acids composed of the 33 amino acid

N¢-terminal (not including the signal peptide) and the

carboxyl-terminal 26 amino acids of mouse amelogenin

M180 (49). Thus, the bulk of the internal region of M180

is absent, removed by alternative-splicing.

There is a growing body of literature suggesting that

the LRAP isoform may act as a signaling molecule

(48,50,51), thus altering the gene expression profile of

cells that can receive the signal. This literature relates to

animal models in which ectopic mineralized tissue

results when enamel matrix proteins (including LRAP)

are present (48), and also to the recent literature that

relates to the clinical use of enamel matrix-derived

proteins (EMDPs) for periodontal regeneration follow-

ing destructive periodontal disease (51–53). Hence,

discovering the physiologic role of LRAP is an area of

enamel and periodontal regenerative biology that is

currently attracting significant scientific and commer-

cial attention.

Tyrosine-rich amelogenin peptide

During enamel mineralization, amelogenin is cleaved

progressively from the carboxyl-terminus into smaller

peptide fragments (54–56). Amelogenin fragments are

generated by the actions of proteinases and result in

the accumulation of the TRAP in the more mature

enamel. In effect, TRAP is the amino-terminus of

amelogenin. TRAP contains a lectin-binding motif

defined previously as ‘PYPSYGYEPMGGW’ (57). It has

been speculated that this lectin-binding property may

serve to orient the amelogenin nanospheres by tether-

ing them to the retracting Tomes’ processes and the

resulting interaction may serve to orientate the nano-

spheres to the retracting ameloblast (18). This would

influence crystallite orientation and fits well with the

previous observations that crystallites tend to form at

an approximately perpendicular orientation to the

secretory surfaces of the Tomes’ processes (58). The

TRAP segment of amelogenin contains all the self-

assembly ‘A’ domains (amino acid residues 1–42)(21).

Both in vitro and in vivo experimental data suggests

that the removal of ‘A’ domain disrupts amelogenin-to-

amelogenin self-assembly to favor the formation of

amelogenin monomers (37).

Enamelin

In 1997, mRNAs for porcine enamelin were cloned and

characterized (11), and in 2001, the human and mouse

enamelin mRNAs were cloned and characterized (59).

The human gene for enamelin (ENAM) maps to chro-

mosome 4q21 (60,61), as does the ameloblastin gene

(62,63). Human enamelin is a nine exon containing

gene and is secreted as a 186-kD precursor protein

which, once secreted, undergoes a series of proteolytic

cleavages (11). Rajpar et al. (64) analyzed a family with

an autosomal dominant, hypoplastic form of AI (AIH2)

and found that the enamelin gene had a mutation in

the splice donor site of intron 7. The position of this

mutation appears to have an impact on mRNA splicing

and the subsequent protein expression. Mardh et al.

(65) have described a nonsense mutation in the

enamelin gene causing AIH2.

Ameloblastin

In 1996 ameloblastin was simultaneously characterized

by three different groups of investigators, two groups

using rat incisors (9,62) and one group using porcine

teeth (66). The human ameloblastin gene (AMBN) has

been localized to chromosome 4q21 and contains 13

exons (62,63). As is true for amelogenin, multiple iso-

forms of ameloblastin exist in the developing enamel of

all the species studied and each isoform may serve a

unique physiologic role (67–69).

A physiologic role for the ameloblastin protein in tooth

development remains unknown, however, there are
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some observations that led to testable hypotheses.

Immunologic identification of ameloblastin during

secretory amelogenesis (enamel formation)(66,70)

reveals an ameloblastin distribution within the enamel

extracellular matrix that follows the ameloblast outline,

resulting in a ‘fish-net’-like partitioning (71). Amelo-

blastin can also be immunolocalized to Tomes’ process,

the highly specialized plasma membrane component of

secretory ameloblast cells. The rat and mouse amelo-

blastin molecule has a ‘DGEA’ domain (72) that has been

identified in collagen type I as a recognition site for alpha

2 beta 1 integrin (73,74), as well as a thrombospondin cell

adhesion domain, ‘VTXG’ (1). These data previously

prompted the suggestion that ameloblastin might serve

as a part of the linkage between ameloblasts and the

enamel extracellular matrix (71,72), however, neither of

these peptide domains exist in the human or porcine

ameloblastin molecules; thus, such a functional role

appears unlikely. Ameloblastin has also been suggested

to serve as a nucleator for crystallization (70,75); this is

because it is expressed at mineralization initiation sites

within the enamel (70,75). We have recently presented

an animal model in which the upregulation of amelo-

blastin in the enamel organ resulted in a phenotype

characteristic of AI (76).

Biglycan

The human biglycan gene (BGN) contains eight exons

and is located on chromosome Xq28 (77,78). The protein

encoded by this gene is a small cellular or pericellular

matrix proteoglycan that is closely related in structure to

two other small proteoglycans, decorin and fibromodu-

lin (13,79). Decorin contains one attached glycosami-

noglycan chain, while biglycan is thought to contain two

glycosaminoglycan chains and it is for this reason that

this protein is called biglycan. Biglycan is thought to

function in the connective tissue metabolism by binding

to collagen fibrils and transforming growth factor beta 1

(TGFB1) (80). High levels of TGFB1 mRNA and protein

have been localized in developing cartilage, bone and

skin suggesting that it plays a role in the growth and

differentiation of these tissues (81).

Biglycan-deficient mice (gene knock-out animals)

have been generated to study the role of biglycan (Bgn)

in vivo (12). These transgenic animals appear normal at

birth, but as they age they display a phenotype charac-

terized by reduced growth rate and decreased bone

mass. While this type of phenotype is commonly

observed in specific collagen-deficient animals, it is rare

to observe skeletal abnormalities in animals lacking non-

collagenous proteins. Biglycan is also expressed in den-

tin (82). Goldberg et al. (14) studied these biglycan-null

animals because they were interested in how dentin

impacted such a phenotype. Significant changes in the

enamel and dentin were noted in these animals. For

example, the forming enamel was between threefold and

fivefold thicker than that seen in normal control animals

and this difference was explained by an enhanced level of

amelogenin synthesis and secretion from secretory

ameloblasts (14). The conclusion from this particular

observation was that biglycan either directly or indirectly

acts as a repressor of amelogenin expression (14).

Tuftelin

The human tuftelin gene (TUFT1) is located on chro-

mosome 1q21. Circa 1987, a polyclonal antibody direc-

ted against a gel-purified 66 kDa non-amelogenin acidic

enamel protein was used to screen a bovine, tooth-

enriched gene expression library and from this screening

a novel enamel cDNA was isolated and its corresponding

protein was called tuftelin (83,84). The predicted amino

acid sequence of tuftelin gave physical and chemical

characteristics appropriate to the acidic non-ameloge-

nin class of enamel proteins. Tuftelin has an amino acid

composition similar to ‘tuft’ proteins of the mature

enamel (84–86). The function of tuftelin remains

unknown but one postulated function is as a nucleator

for HAP crystal formation (86). This prediction is made

based on its anionic character, its localization at den-

tine–enamel junction and its expression in ameloblast

cells just prior to amelogenin (86,87). Tuftelin does not

contain a recognizable signal peptide and, in addition it

is also expressed in many non-mineralizing tissues

(86,88–90), hence its role in enamel extracellular matrix

biomineralization is currently being critically re-exam-

ined (91,92).

Kallikrein-4

The human gene for kallikrein-4 (KLK4) contains five

exons and is located on chromosome 19q13.
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Kallikrein-4 is one of the cluster of kallikrein genes

located on chromosome 19q13. Kallikrein-4 (also

known as prostase or enamel matrix serine proteinase 1

or serine proteinase 17) is a serine protease. In 1999,

Nelson et al. (93) identified a gene they referred to as

‘prostase’ (now called kallikrein-4), which they believed

demonstrated prostate-restricted expression. Kallik-

rein-4 encodes a 254 amino acid protein with a con-

served and characteristic serine protease catalytic triad

and an amino-terminal signal peptide. This arrange-

ment of the kallikrein-4 protein indicates a secretory

function. Today it is known that kallikrein-4 is

expressed in limited tissues including prostate and

developing teeth (15,93,94). In teeth, kallikrein-4 is

produced by odontoblasts and also by secretory

ameloblasts (15,94). Kallikrein-4 expression in the

enamel matrix correlates with the disappearance of the

enamel proteins (such as amelogenin) from the enamel

matrix (15). The expression of proteolytic enzymes,

including kallikrein-4, during enamel maturation

appears to be necessary for the enamel to achieve its

high degree of mineralization (54,95).

Matrix metalloproteinase-20

The human MMP20 gene is part of the cluster of matrix

metalloproteinase genes that localize to human chro-

mosome 11q22.3. The MMP20 gene contains 10 exon

regions. Proteins of the matrix metalloproteinase

(MMP) family are involved in the breakdown of the

extracellular matrix in normal physiologic processes,

such as embryonic development and tissue remodeling

(96,97), as well as in disease processes, such as arthritis

and metastasis (98). Most MMPs are secreted as inac-

tive proproteins, being activated after delivery to the

extracellular environment.

The protein encoded by MMP20 degrades ameloge-

nin and thus MMP20 is thought to play a critical role in

tooth enamel formation. Under normal physiologic

conditions, expression of MMP20 appears limited to

teeth and in particular to the enamel organ (17). Only a

single report exists in which MMP20 message is

detected in cultured cell lines of non-dental origins

(99). MMP20-deficient mice display an AI phenotype

which includes disruptions to the enamel rod pattern

and also hypoplastic enamel that delaminates from the

dentin (17). With the exception of the changes noted in

the dental tissue, these MMP20-null animals appear

otherwise normal (17).

The amelogenin promoter, its
spatiotemporal specificity and transgenic
animal studies

A 3.5 kb bovine X chromosome-derived DNA region

upstream of exon 1 of amelogenin has been used for

promoter analysis and transgenic animal studies

(100,101). This defined gene promoter region can be

used to drive the expression of the selected gene prod-

ucts that are restricted to ameloblasts and the sur-

rounding cells of the stratum intermedium. Thus this

DNA contains the necessary regulatory elements re-

quired for the correct spatiotemporal amelogenin gene

expression. This gene promoter can be used to change

the enamel matrix composition by introducing the

selected gene products through secretory ameloblast

activities. Similarly, the 2.3 kb mouse X-chromosome

amelogenin promoter encodes all the response ele-

ments to define the amelogenin gene activity (102–104).

Detailed studies on the murine amelogenin promoter

have been carried out and this confirmed that amelo-

genin gene expression was restricted to ameloblasts and

the cells of the stratum intermedium in a developmen-

tally staged expression pattern (102,103). This promoter

is responsive to the CCAAT/enhancer-binding protein

alpha (C/EBPalpha)(104). This mouse gene promoter

has been used extensively to drive transgenes along the

transgenic lines (4,22,76,105–107). Studies using this

murine amelogenin promoter to drive expression of an

introduced protein have included epitope tags within

the expressed protein. Epitopes are used to confirm

expression of the transgene and to track protein

expression and for each epitope used, there are com-

mercially available specific monoclonal antibodies. No

ectopic expression has been noted till-date in any of the

transgenic animal lines produced in our laboratories.

In addition to the bovine and murine amelogenin gene

promoters, the murine ameloblastin promoter (2.5 kb

upstream of intron 1) has also been cloned and partially

characterized (75,108). This ameloblastin promoter is

responsive to the transcription factor core-binding fac-

tor, alpha 1 subunit (CBF-alpha 1)(75) but to the authors

knowledge, the ameloblastin promoter has not been

used in transgenic animals.
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The uniqueness of enamel may be defined
by the sum of its individual components

As described above, forming enamel is a dynamic

composite of a number of individual components and

undoubtedly many more than those discussed. We

have limited our focus to the organic extracellular

components without including the mineral compo-

nents. Many other genetic factors clearly have an

impact on amelogenesis. The gene products briefly

described above (with the exception of tuftelin) repre-

sent those whose expression remain relatively unique

to the mineralized tooth structure, primarily to the

enamel, but also in dentin during odontogenesis

(69,70,109). It is apparent that the timing that these

gene products are presented to the enamel matrix must

be finely controlled and regulated. Understanding their

gene transcription and the various transcriptional fac-

tors that govern RNA expression, are of major signifi-

cance in our quest to understand amelogenesis. In the

laboratory, this requires careful dissection of the gene

promoter regions. This work has just begun for amel-

ogenin, ameloblastin and also biglycan (110,111), but

still awaits to be initiated for enamelin, kallikrein-4 and

MMP20. Post-transcriptional modifications such as

alternative splicing, and post-translational modifica-

tions such as phosphorylation (e.g. in amelogenin

(112)) ensure that, even within the four structural

proteins discussed (amelogenin, ameloblastin, ename-

lin and biglycan), functional diversity from a single

gene is possible. Because of the limited tissue expres-

sion of these three enamel proteins, it appears that

their removal from the enamel matrix during enamel

maturation has required specific proteases whose

spatiotemporal expression must also be exquisitely

regulated. This need is met partially or fully with the

serine protease kallikrein-4 and MMP20.

Alterations to amelogenin self-assembly
in vivo result in enamel biomineralization
defects

As stated above, the Y2H assay system for the detection

of protein–protein interactions has been used to dem-

onstrate that amelogenin contains two well-defined

self-assembly domains, domain A and domain B (21).

In addition, atomic force microscopy and dynamic

light scattering have recently been used to study the

assembly properties of recombinant amelogenin

proteins that have been engineered with deletions of

either the domain A or the domain B regions (37). By

measuring the parameters of nanosphere size and

assembly rates in vitro, it was concluded that domains

A and domain B of amelogenin have significant and

different roles to play in the nature and dynamics of the

self-assembly of amelogenin nanospheres (37). Trans-

genic animals were then used to test the hypothesis

that the self-assembly domains identified with in vitro

model systems also operate in vivo. Transgenic animals

were created using the murine amelogenin promoter

and bearing either a domain A deleted or domain B

deleted amelogenin transgene expressed in the altered

amelogenin exclusively in ameloblasts (4). This altered

amelogenin participates in the formation of an organic

enamel extracellular matrix and, in turn, this matrix is

defective in its ability to direct enamel mineralization

(4). At the nanoscale level, the forming matrix adjacent

to the secretory face of the ameloblast shows alteration

in the size of the amelogenin nanospheres for the

transgenic animal line, while at the mesoscale level of

enamel structural hierarchy, 6-week-old enamel

exhibits defects in enamel rod organization (Table 1).

These changes are seen as being due to the perturbed

organization of the precursor organic matrix (4). These

animal studies reflect the critical dependency of

amelogenin self-assembly to form a competent enamel

organic matrix. Alterations to the matrix are reflected as

defects in the structural organization of enamel.

Changes to the enamel matrix
composition impacts on the final enamel
structure as seen in transgenic animals

Recently our experimental work has included engin-

eering transgenic animals that overexpress different

enamel proteins, each in a spatiotemporal pattern

mirroring that of amelogenin (102,103). Transgenic

mice expressing and secreting mutated amelogenins

into the enamel matrix have been briefly discussed

above; and more detailed descriptions and discussions

of these animals have been published (4,107). In

addition, mice overexpressing the amino-terminal 45

amino acids of the mouse amelogenin, which is often

referred to as the TRAP, have been engineered and
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studied (22). Under normal circumstances, traces of

TRAP remain as a part of the mature enamel and the

reason that these animals were produced was to

examine the impact such a hypermaturation (or

accelerated maturation) had on enamel formation.

There was little change in the phenotype of the enamel

of TRAP transgenic animals (22). The other two trans-

genic animal lines which have been engineered and

studied were for ameloblastin (76) and tuftelin (92).

Overexpression of each of these enamel proteins had

an impact on the enamel phenotype to some degree.

Table 1 summarizes the observed changes for all these

transgenic animal lines.

Clinical utility and applications

Dental caries has an adverse worldwide impact. Even if

an individual is caries-free, he/she is encouraged to be

continually monitored throughout their lifetime with

the aim of preventing disease or recognizing incipient

disease and preventing its progress. If dental caries are

detected then the tooth is restored to a disease-free

state. Despite the skill level of the dental practitioner,

the mechanical removal of carious enamel and dentin

also involves the removal of the unaffected tooth

structure. As scientists, we are exploring enamel

structure at the nanoscale (proteins and crystals) to the

mesoscale (cell) through to the macroscale. For the

better understanding of the enamel formation we are

focusing on the biology of the organic and inorganic

components of enamel. In a sense, we are looking at

the individual ‘building-blocks’ that Nature has made

available and uses to create the hardest biomineralized

tissue known in vertebrates. Discovery through scien-

tific investigations may ultimately dictate design codes

and features for synthetically produced, but biologic-

ally inspired dental restorative materials. The authors

believe that no currently available dental restorative

material acts as an ideal enamel replacement, and that

through a greater understanding of enamel formation

(amelogenesis), better materials can be designed, cre-

ated and/or crafted.
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