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Abstract

Although mature enamel is predominantly composed of mineral, a previously uncharacterized
organic matrix layer remains in the post-eruptive tissue that begins at the dentin enamel junction
and extends 200-300 pm towards the outer tooth surface. ldentification of the composition of this
layer has been hampered by its insolubility; however, we have developed a single step method to
isolate the organic enamel matrix relatively intact. After dissociative dissolution of the matrix with
SDS and urea, initial characterization by Western blotting and gel zymography indicates the
presence of type IV and type VIl basement membrane collagens and active matrix
metalloproteinase-20. When combined with data from transgenic knockout mice and from human
mutations, these data suggest that the enamel organic matrix (EOM) and dentin enamel junction
may have a structural and functional relationship with basement membranes, e.g. skin. To clarify
this relationship, we hypothesize a “foundation” model which proposes that components of the
EOM form a support structure that stabilizes the crystalline enamel layer, and bonds it to the
underlying dentin along the dentin enamel junction. Since we have also co-localized an active
matrix metalloproteinase to this layer, our hypothesis suggests that, under pathologic conditions,
MMP-mediated degradation of the EOM could destabilize the enamel—dentin interface.
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Introduction

The crown of a mature tooth is composed of two unique layers. Enamel, which is highly
mineralized and acellular, forms the outer crystalline surface of teeth. Underlying the
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enamel is a tougher mineralized protein-rich tissue known as dentin. Conjoined dissimilar
materials such as rigid enamel and flexible dentin might be expected to concentrate stresses
leading to delamination of the surface enamel layer. However, the junction between the two
disparate tissues, the dentin enamel junction (DEJ), is known to inhibit crack propagation
and rarely undergoes catastrophic mechanical failure, despite a lifetime of masticatory and
parafunctional loading (1).

Tooth development, like that for similar embryologically-derived tissues such as skin, is the
result of epithelial-mesenchymal inductive signaling that is essential for development of the
hard tissue layers. Yet unlike mesenchymal tissues that contain a relatively stable type |
collagenous matrix, the initial extracellular matrix which contains highly-ordered crystalline
rod-like enamel exists only transiently, largely disappearing as the tissue forms.

Enamel forms through a process of biomineralization where ameloblasts secrete proteins
such as enamelin, amelogenin, and ameloblastin that self-assemble to form an extracellular
organic matrix that governs the formation of the inorganic phase. Prior to maturation, the
majority of the extracellular protein matrix is proteolytically removed (2). The enamel
organic matrix (EOM) in the post-eruptive tissue is small (~1% wt), containing proteolyzed
fragments and an insoluble protein matrix distributed along the dentinal surface (1). These
remaining proteins are believed to toughen the inner enamel region (3), yet they are not
regarded as a structural component that stabilizes and bonds the enamel—dentin interface (4).
The molecular composition of this EOM layer has remained a mystery for over 50 years (5),
hampered by its insolubility and resistance to dissolution (6). The goal of this study was to
develop a single step method to isolate this layer and to begin its biochemical
characterization.

Materials and methods

Scanning electron microscopy

Healthy human third molars with closed apices and no restorations or caries obtained via an
IRB-approved protocol were processed for scanning electron microscopy (SEM) and were
observed at low voltage (1 kV) on non-coated specimens as described in detail previously

(4).

Preparation of the enamel organic matrix

Individual whole third molar crowns, from different patients, were suspended in 0.5 M
EDTA, pH 7.4. After 7 d, the residual EOM layer was physically removed with a brush.
Subsequent to dialysis and lyophilization, the precipitate was then dissociated in SDS/8M
urea sample buffer, heated at 95 °C, and subjected to gel electrophoresis (7) and Western
blotting.

SDS PAGE, Western blotting, and gel zymography

Isolated EOM was solubilized with SDS PAGE sample buffer and subjected to Western
blotting on 7.5% or 4-20% gradient gels (8). After transfer to PVDF membranes, the blots
were developed with rabbit polyspecific antibodies against the a2 chain of type IV collagen
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(T-15, 1:500, Santa Cruz Biotechnology, Santa Cruz, CA) or the helical domain of a1(1V)
and a2(1V) chains (M3F7, 1:500, Developmental Studies Hybridoma Bank, University of
lowa, 1A). Type VII collagen antibodies used were from Millipore (Billerica, MA) (1:500,
#234192) and from Sigma-Aldrich (St. Louis, MO) (1:500, clone LH7.2). For comparison,
whole crowns (minus roots) were pulverized and extracted with 4 M guanidine HCI and 0.5
M EDTA containing protease inhibitors (9); the lyophilized extract was solubilized with
SDS PAGE sample buffer and subjected to Western blotting with rabbit anti-MMP-20
antibodies specific to the N-terminal domain (1:2000, Sigma-Aldrich, #M-5934) and C-
terminal domain (1:200, Origene, Rockville, MD, clone EP1275Y), and to casein gel
zymography (10). Casein gels were visualized after staining with Coomassie brilliant blue
dye.

Enamel organic matrix in mature teeth

As shown in the scanning electron microscopic image in Figure 1, mature third molar teeth
contain an organic matrix layer within the enamel layer. This layer begins at the DEJ and
extends 200-300 um towards the outer tooth surface (dark area, Figure 1). As illustrated
with this tooth, we routinely observe a thicker matrix layer under the cuspal regions. We
have previously shown that this layer also demonstrates a Raman spectral signature
consistent with its protein content (4). Based on its location adjacent to the dentin enamel
junction within the mineralized phase of mature teeth, we devised a single-step procedure to
physically isolate the EOM layer as a particulate residue after demineralization. The dentin
layer was visually unaffected by this treatment (Figure 1), however, minor contamination
with dentin-derived proteins in the EOM fraction cannot be excluded at this time.

Initial biochemical characterization of the enamel organic matrix layer

The EOM layer was isolated from whole tooth crowns (Figure 2A). The particulate nature of
the enamel matrix is evident as wispy white protein strands (arrows, Figure 2A). After
solubilization, the enamel matrix fraction was processed for Western blotting using a series
of antibodies against extracellular matrix proteins. Candidate targets were provided by
separate mass spectral analyses on gel slices (not shown). As shown in Figure 2(B), the
EOM layer contained positive immunoreactivity for type 1V collagen, type VII collagen, and
MMP-20 which was confirmed in each case with at least two separate antibodies (not
shown). Specifically, type IV collagen was present as a prominent single 250 kDa band
under non-reducing conditions which shifted to an apparent 300 and 70 kDa bands when
reduced. Also, type VII immunoblots revealed doublet bands of 230 and 280 kDa which
resolved into a 75 kDa band upon reduction. Finally, immunostaining for MMP-20
identified characteristic bands of 43, 24, 22, and 15 kDa under reducing conditions (Figure
2B). As demonstrated by casein gel zymography in Figure 2(C) under non-reducing
conditions, broad bands at 43—41 kDa and at 24-22 kDa represent catalytically active
MMP-20. While the zymographic results depicted were from a total crown extract (Figure
2C), similar results are expected for the EOM fraction given their identical blotting patterns
(Figure 2B). For reference, inactive proMMP-20 (Mr = 55 kDa) is activated upon cleavage
to a 43-41 kDa form, while the 24-22 kDa forms are well-known active fragments. As
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expected, these MMP-20 bands were dependent upon the presence of exogenous calcium
ion, yet did not cleave gelatin in parallel studies (not shown). Taken together, our results
show that the EOM contains at least two different macromolecular basement membrane
collagen types and a catalytically active metalloproteinase.

Discussion

Basement membrane degradation and removal is unique to teeth

Basement membranes are regarded as thin, sheet-like layers of specialized extracellular
matrix that form scaffolds and flexible boundaries between differing tissues. The major
shared components of all basement membranes are type 1V collagen, laminin, nidogen,
heparin sulfate proteoglycans, and type VII collagen (11). Although basement membranes
are ubiquitous throughout many tissue compartments, their macromolecular structure,
composition, and functions differ and are tissue specific, e.g. kidney versus skin. Their
complexity has become more evident within the past several years as more components have
been characterized (12). However, a common feature of basement membranes is their
functional role in linking or bonding different tissue layers. This stabilizing action is evident
in the skin blistering which develops when inactivating mutations in type IV or type VII
collagen permit epithelial layer separation and movement when stress is applied. In
developing tooth germs, the dental basement membrane mediates interactions between the
opposing epithelium and ectomesenchyme (13).

As the tissue forming cells of enamel (ameloblasts) and dentin (odontoblasts) differentiate
along the epithelial-mesenchymal junction, they secrete their respective matrices. However,
as this secretory activity initiates, the dental basement membrane is degraded and removed,
allowing direct contact between the underlying odontoblasts and ameloblasts. By the time
mineralization of enamel and dentin begins, the dental basement membrane is believed to be
removed (14), replaced with an interdigitated calcified interface.

Removal of the basement membrane in teeth is unique among other tissues and appears to
coincide with matrix and/or mineral deposition along the developing DEJ. Brought to its
logical conclusion, we speculate that mineralization of the developing DEJ could bury
residual macromolecular basement membrane proteins, e.g. type IV and type VII collagen,
resulting in their reported disappearance during odontogenesis.

Enamel organic matrix at the DEJ contains basement membrane components

Prior evidence supports functional roles for type IV collagen in DEJ development (14), and
for type VII collagen in amelogenesis (15) during tooth development in mice. Specifically,
murine ameloblasts express type VI collagen mRNA and type VII collagen null mice
display an abnormal enamel rod orientation with an abnormal network arrangement. These
abnormal rods were caused by type VII collagen deficiency because these changes were
completely rescued by restoration of expression (15). Type VII collagen deficiency also
leads to a general reduction in enamel protein expression by ameloblasts (15). In contrast, no
genetic defects of al(lV) or a2(IV) genes have yet been linked to tooth malformation
because these mutations are embryonically lethal (16). However, degradation by matrix
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metalloproteinases-2, -9 (Type IV collagenases) and -20 (MMP-20) and kallikrein-related
peptidase-4 (KLK-4) proteases prior to and during the maturation stage has been shown to
degrade the basement membrane and enamel matrix proteins (17). Yet, a question remains.
If the dental basement membrane is degraded and removed during development, how could
macromolecular constituents of this membrane remain in mature enamel matrix at the DEJ?
We speculate that inter- and intra-molecular chemical cross-links within type IV and type
V11 collagen could protect them during matrix degradation and facilitate their selective
retention.

Though previous investigations have demonstrated that the dental basement membrane
during development is composed in part of type IV and type VI collagen, it should be noted
that these studies have been limited to developing tooth germs (14,15). To our knowledge,
our study is the first to investigate if these constituents are present in mature teeth. Since the
DEJ forms at the site of the dental basement membrane, we believe that components of this
membrane are selectively retained and comprise a portion of the protein composition of the
DEJ and EOM observed with Raman spectroscopy and SEM (4).

Developmental, compositional, and functional parallels between teeth and skin

Teeth are rarely, if ever, compared to skin. Despite the obvious differences, several
developmental, functional, and compositional parallels exist between the two. First, the
outer protective layers of these organs, enamel and epidermis, are ectodermally derived,
whereas their inner supportive layers, dentin and dermis, are of mesodermal origin (3,12).
Second, development of both teeth and skin requires epithelial-mesenchymal cross-talk
signaling (3,12). Third, the integrity of both organs is maintained by attachment to an
intervening interfacial layer known as the dentin—-enamel and dermal-epidermal junction in
teeth and skin, respectively. Fourth, both teeth and skin are mechanically stable and
uniquely adapted to function in their environments (3,11), rarely separating into their
respective layers under normal applied and functional stresses, e.g. occlusal loading of teeth
during mastication and plantar loads generated on skin during running.

Compositional similarities also exist between teeth and skin. For example, type | collagen is
a major fibrillar constituent of the dermis and dentin, connecting them to their overlying
layers (1,11). In addition, type 1V and type VII collagen, which are critical for dermal-
epidermal integrity via their association with type I collagen (11), have been transiently
localized to the dental basement membrane (14,15).

Based on these parallels, we envision that the dermal—-epidermal junction in skin and the
DEJ in mature teeth exhibit additional previously unappreciated compositional similarities,
e.g. enriched content of type IV and type VI collagen. Furthermore, we hypothesize that
type IV and type VI collagen found in this study within the EOM play a previously
unappreciated role in the damage tolerance and fracture resistance of the DEJ.

A model of the structural role of the enamel organic matrix at the DEJ

Based on prior biomaterial studies, we propose that inner enamel’s inorganic—organic hybrid
structure close to the DEJ is a determinant of its material properties (Figure 3). Specifically,
when fracture toughness and crack growth were measured, the inner enamel closer to the
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DEJ was found to be tougher and to resist crack propagation more than outer enamel
(18,19). A positive contribution by the EOM was shown by a reduction in fracture toughness
after its removal or alteration (20,21). Finally, enamel exhibits about a three times greater
fracture toughness than geologic hydroxyapatite (without an organic matrix), however,
White et al. (2) ascribe this finding to the inclusion of biological contaminants in the former.
Consistent with a stabilizing role, the EOM is more prevalent in cuspal enamel which is
subjected to more compressive and shearing stresses, as compared to the cervical region
which is primarily exposed to flexural stresses. We envision enamel as a compositional
composite in which the outer highly mineralized layer is designed to withstand occlusal
stress and wear, and an inner layer, which is toughened by the EOM. The ~5 um wide
optical DEJ links the enamel and dentin layers.

In summary, our “DEJ-enamel matrix model” (Figure 3) proposes that, in addition to
inorganic—inorganic interactions between enamel and dentin across the DEJ and previously
reported type | collagen fibers crossing from dentin into enamel (1), there are also
interactions between protein components of the EOM and the dentin matrix across the DEJ.
Our model proposes that both organic and inorganic interaction(s) between components
contributes to the stability of the dentin enamel interface. Additionally, we hypothesize that
the EOM functions to reduce occlusal stress concentrations from enamel to dentin. As such,
this model contradicts the current view that enamel protein retained in the post-eruptive
tissue represents proteolyzed fragments of the original matrix with little or no functional
importance.

Pathologic delamination of enamel from dentin is a rare occurrence under normal
conditions. However, oral cancer patients treated with high dose radiation develop a distinct
pattern of dentition breakdown, which initiates with shear fracturing of enamel that can
result in partial to total enamel delamination (22). When viewed in terms of the “DEJ-
enamel matrix model”, we hypothesize that the delamination process may be due to
destabilization of the DEJ-enamel matrix interface arising from direct or indirect radiation
damage. In this regard, co-localization of active MMP-20 in the EOM causes us to speculate
that proteolytic degradation of this type IV and type VII collagen containing matrix may be
part of the underlying causative mechanism (Figure 3). In support of this hypothesis,
radiotherapy has been shown to cause up-regulation and activation of specific MMPs in the
lung, brain, and colon (22).
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Figure 1.
The enamel organic matrix within the inner enamel layer of mature teeth. An SEM image of

the cuspal region of a maxillary third molar demonstrates that the enamel organic matrix is
congruent with the dentin at the dentin enamel junction, and extends 200-300 pm towards
the outer tooth surface. Notably, the organic matrix is thicker in the cuspal/occlusal regions.
Scale bar: 500 um. Key: E, enamel; EOM, enamel organic matrix; D, dentin.
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Figure 2.

(A) Enamel organic matrix resides in the inner region of enamel following complete
demineralization. Before and after images of a whole maxillary third molar crown
demineralized for 1 week as described in METHODS section. Following complete
demineralization of enamel, the residual particulate organic matrix is seen along the dentin,
predominantly in the cuspal regions (white arrowheads). The amount of residual organic
matrix can be appreciated as it suspends from the dentinal surface. (B) Immunoblotting of
enamel matrix fraction and an extract of whole tooth crown demonstrate the presence of
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type IV and VII collagen and MMP-20. Protein extracts exclusively from enamel and from a
whole tooth crown were electrophoresed as described in METHODS section using 7.5%
gels (type IV and type VI collagen) and a 4-20% linear gradient gel (MMP-20),
respectively. For type IV collagen, the non-reduced sample displayed higher molecular
weights with mobilities of 300 and 250 kDa, which shifted to a 300 kDa monomer and a 70
kDa fragment after reduction with DTT. Similarly, for type VII collagen, the non-reduced
sample presented as a 280 and 250 kDa dimer, which shifted to a 75 kDa fragment after
reduction. For MMP-20, 5-6 bands were detected at 55, 43-41, 24, 22 and 15-11 kDa.
These bands correspond in size to the pro-form (55 kDa), activated forms (43 and 41 kDa),
and fragments (24, 22, and 15-11 kDa) of MMP-20. Molecular weight estimates are based
on standards co-electrophoresed on the same gel. Twenty and thirty micrograms of enamel
matrix and crown extract protein were applied to these lanes, respectively. (C) Casein gel
zymography demonstrates catalytically active MMP-20 bands are present in a human tooth
crown extract. Thirty micrograms of protein were applied.
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Enamel

Figure3.
Hypothetical DEJ interface “foundation” model. This simplistic model includes the enamel

and dentin matrix components that may contribute to the structural integrity of the dentin
enamel interface. We hypothesize that degradation of the collagenous complex of the
enamel organic matrix due to the proteolytic activity of MMP-20 and/or other proteases
under pathologic conditions could be linked to DEJ instability and lead to enamel separation
from the dentin.
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