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Abstract

The inner enamel region of erupted teeth is known to exhibit higher fracture toughness and crack
growth resistance than bulk phase enamel. However, an explanation for this behavior has been
hampered by the lack of compositional information for the residual enamel organic matrix. Since
enamel-forming ameloblasts are known to express type VI collagen and type VI collagen null
mice display abnormal amelogenesis, the aim of this study was to determine whether type VII
collagen is a component of the enamel organic matrix at the dentin-enamel junction (DEJ) of
mature human teeth. Immunofluorescent confocal microscopy of demineralized tooth sections
localized type VI1I collagen to the organic matrix surrounding individual enamel rods near the
DEJ. Morphologically, immunoreactive type VII collagen helical-bundles resembled the gnarled-
pattern of enamel rods detected by Coomassie Blue staining. Western blotting of whole crown or
enamel matrix extracts also identified characteristic Mr=280 and 230 kDa type VI1I dimeric forms,
which resolved into 75 and 25 kDa bands upon reduction. As expected, the collagenous domain of
type VII collagen was resistant to pepsin digestion, but was susceptible to purified bacterial
collagenase. These results demonstrate the inner enamel organic matrix in mature teeth contains
macromolecular type VII collagen. Based on its physical association with the DEJ and its well-
appreciated capacity to complex with other collagens, we hypothesize that enamel embedded type
VII collagen fibrils may contribute not only to the structural resilience of enamel, but may also
play a role in bonding enamel to dentin.
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1. INTRODUCTION

The wear surface of mature teeth, enamel, is the most highly mineralized tissue in the body
and is believed to be non-collagenous [1] and largely protein-free [2]. In contrast, the
underlying dentin, which is similar to bone in composition [3], is a calcified, collagen-rich
ectomesenchymal tissue that serves to support the outer, more brittle enamel [4]. The
interfacial region coupling these dissimilar mineralized phases is known as the dentin-
enamel junction (DEJ), which optically appears as an abrupt transition. However, a recent
biomaterial study indicates the DEJ represents a broad functional zone that can, in part, be
attributed to unidentified protein constituents at the dentin-enamel complex [5, 6].
Embryologically, the innermost enamel at the DEJ represents the position of the dental
basement membrane [7, 8]. Composed largely of type 1VV/type VII collagen and laminin [9],
these basement membrane constituents are widely believed to be removed by the time
enamel secretion commences [10].

Although the extracellular organic matrix of enamel is largely removed, a small amount of
protein remains in the inner region of the post-eruptive tissue [5]; distinct histologic features
known as enamel tufts also extend vertically from the DEJ [11]. These hypomineralized
fissures are believed to be a primary source of the fractures that develop in enamel during
extensive function or overloading [12, 13]. The residual enamel organic matrix layer is
believed to either represent organic ‘matter’ that fills cracks formed within enamel [13] or
biological remnants that toughen the inner enamel region [6]. For example, alteration or
removal of enamel’s residual organic matrix decreases its fracture toughness and resistance
[14, 15]. By analogy, the material properties of mature bone are dependent upon the quality
of its organic matrix [16]. Hampered by its insolubility [17], the molecular composition of
the enamel organic matrix at the DEJ of mature teeth has remained a mystery for over fifty
years [18].

Inactivating mutations in type VII collagen cause dystrophic forms of epidermolysis bullosa
which manifest as skin fragility [19] and malformed enamel [20]. This phenotype is very
similar to that exhibited by type VII collagen null mice [21]. Interestingly, type VI collagen
is restricted to the basement membrane separating epithelial layers from their underlying
stroma. In teeth, type VII collagen is localized to the epithelial mesenchymal junction during
mouse enamel development [21] and the basement membrane of developing human tooth
germs [22]. Additionally, type VI collagen is also known to be expressed by enamel-
forming murine ameloblasts [21]. Based on type VII collagen’s requirement for anchoring
the epidermis to the dermis in skin [23] and for normal amelogenesis [21], we sought to
determine if type VII collagen is a component of the enamel organic matrix associated with
the dentin-enamel junction of mature erupted teeth.
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2. METHODS

2.1. Collection of Mature Teeth and Preparation

Mature erupted third molars without visual defect/caries, treatment planned for extraction,
were acquired from local oral surgery clinics in the Kansas City area, according to a
protocol approved by the University of Missouri Kansas City adult health science
institutional review board (IRB#: 12-50-NHSR). Collected tooth specimens were washed
using deionized water; and surface debris was removed using a scalpel and a stiff brush and
stored at 4°C in 0.9% phosphate buffered saline (PBS) containing 0.002% sodium azide
(NaNs; Sigma-Aldrich, Saint Louis, MO) prior to processing. Following partial or complete
root removal, the remaining crowns were processed in total or sectioned sagitally creating
500-1000 pum thick sections with a low-speed water cooled diamond saw (Isomet 1000,
Buehler, Lake BIuff, IL).

2.2. Time-lapse Imaging of Enamel Demineralization and the Residual Enamel Matrix Layer

From three individual teeth, 500 um sections were mounted in polymethyl methacrylate
(Great Lakes Orthodontics, Tonawanda, New York). The sections were then immersed with
the crown positioned down in 200 ml of 10% ethylenediaminetetraacetic acid (EDTA,;
Fischer Scientific, Hampton, NH) (pH 7.4), containing 0.002% NaN3 and imaged under a
fluorescent lamp with a Canon T2i digital SLR camera, and an EF 100 mm /2.8 macro lens
every 10 minutes for 120 hours, using a multi-function timer remote control.

2.3. Morphological Analysis of Enamel Tufts and the Enamel Matrix Layer

Similarly, 500 pm sections from six individual teeth, from different patients, were polished
sequentially with 600 and 1200 grit silicon carbide paper concluding with 1-micron diamond
polishing paste (Buehler). Sections were stained for 1 min in 0.2% (w/v) Coomassie
Brilliant Blue R-250 (Sigma-Aldrich) in 50% methanol (Sigma-Aldrich) and 10% acetic
acid (Sigma-Aldrich), destained and imaged for analysis of histologic enamel tufts. The
same sections were then demineralized in 5% EDTA (pH 7.4) for 4 h followed by staining in
Coomassie blue for 1 min, destained and re-imaged for the same analysis. A light
microscope (Nikon Eclipse ME600, Melville, NY) equipped with a digital camera (Nikon
DXM1200) was used to image sections.

2.4. Confocal Immunofluorescence Studies

Sections (~700 um) from third molars from eight different patients were mounted on #1
chambered borosilicate coverglass (Lab-Tek, Rochester, NY) followed by complete
demineralization in 10% EDTA (pH 7.4), containing 0.002% NaN3 for 14 days.

Sections were then washed to remove residual EDTA with Buffer A [PBS (pH 7.4)
containing 0.1% bovine serum albumin (BSA) and 0.05% Tween-20] and immediately
blocked for 2 h in Buffer B [PBS (pH 7.4) containing 1% BSA and 0.05% Tween-20] and
avidin D blocking solution (Vector Labs, Burlingame, CA). Sections were then incubated
overnight at room temperature with primary antibody (1:200, catalog #234192, rabbit
polyclonal anti-collagen type VII, Millipore, San Diego, CA) diluted in Buffer B and biotin
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blocking solution (Vector Labs). Controls were treated with non-specific rabbit 1gG (1:200,
Sigma-Aldrich) under the same conditions.

For visualization, specimens were washed three times with Buffer A then incubated for 1 h
with biotin conjugated-protein A (1:10,000, Millipore) in Buffer B; washed three times with
Buffer A and then incubated with streptavidin labeled with AlexaFluor594 (1ug/ml, Jackson
Laboratories, West Grove, PA) in Buffer B.

Serial z-focal plane images were captured on a confocal laser scanning microscope (CLSM;
Leica TCS SP5 1l, Wetzlar, Germany) at 405 and 594 nm using the resonant scanner and
image formats of 1024 x 1024 pixels. Image J software was used to create z-stack and single
plane images from the acquired data. Specific labeling was determined by subtracting the
concomitant signal from the 594 and 405 channels using the same software.

2.5. Collagenase Treatment

Ten demineralized sections were treated with purified bacterial collagenase (0.075 mg/ml,
catalog #C0773-3KV, Sigma-Aldrich) diluted in 50mM TES buffer (pH 7.4) containing 0.36
mM CacCl, for 6 h, and then immunolabeled and imaged as described above. Control
sections were treated similarly with buffer alone.

2.6. Whole Crown and Enamel Protein Extraction

Extraction of proteins from whole tooth crowns from different patients was adapted from a
protocol developed for extracting protein from bone [24]. Briefly, the roots were removed
above the cementoenamel junction and the pulp tissue was extirpated and mechanically
debrided. Each crown was flash-frozen in liquid nitrogen, pulverized, and mixed with
extraction buffer containing 4 M guanidine hydrochloride, 0.5 M EDTA and a mixture of
protease and phosphatase inhibitors for 72 hours at 4°C. Samples were then centrifuged and
the supernatant was dialyzed three times each against water and then against 5% acetic acid
at 4°C using 6-8 kDa molecular weight cut-off dialysis tubing (Spectrum Laboratories,
Rancho Dominguez, CA). Extracts were lyophilized and stored at —80°C. Protein amounts
were determined colorimetrically using the NI™ (Non-Interfering™)Protein Assay kit (G-
Biosciences, Saint Louis, MO).

Extraction of enamel matrix proteins from six tooth crowns was accomplished by
demineralizing whole crowns, enamel side up, in 40 ml of 10% EDTA (7.4 pH) containing
0.002% NaNs for 14 days at 20°C. The residual enamel matrix layer was gently debrided
from the dentin surface with a soft applicator brush (displayed in Fig. 1e), followed by
removal of the intact, underlying dentin. Extracts were then dialyzed, lyophilized, stored,
and protein amounts determined as described above.

2.7. Pepsin Digestion

Extracted enamel matrix protein fractions from two tooth crowns were incubated separately
with pepsin using a well-established protocol [25]. Protein weight after lyophilization was

determined directly and each enamel sample was rehydrated at 1 mg/ml in 0.5 M acetic acid
(Sigma-Aldrich). The specimens were then incubated with pepsin (100 pg/ml, Millipore) at
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4°C for 48 hours. Additional enamel matrix fractions from each specimen were incubated
similarly without pepsin (negative controls). Digestion reactions were inactivated by heat,
lyophilized and stored frozen prior to analysis.

2.8. SDS-PAGE and immunoblotting

Pepsin digested and control protein extracts from whole crowns and enamel matrixes were
dissociated in SDS/8M urea sample buffer, heated at 95°C, and electrophoresed as
previously described using 4-20% linear gradient and 7.5% gels [26]. Blots were incubated
with either primary mouse anti-type V11 collagen monoclonal antibody recognizing the non-
helical carboxy terminal region of the collagen VII dimer (1:500, clone LH7.2, Sigma-
Aldrich) or primary rabbit anti-type V11 polyclonal antibody (1:500, catalog #234192,
Millipore), and then subsequently with horseradish peroxidase-conjugated goat-anti-mouse
or goat-anti-rabbit 1gG (1:10,000, BioRad, Irvine, CA) secondary antibodies, respectively.
Chemiluminescent digital images were captured with a Fuji LAS-4000 imager (GE,
Piscataway, NJ).

3. RESULTS

3.1. Demineralization of Mature Teeth Uncovers an Enamel Protein Matrix Layer at the
Dentin Surface

Time lapse observation during demineralization revealed a novel enamel organic matrix
layer adjacent to the dentinal surface (Fig. 1a—f). In all specimens, the enamel matrix
appeared as a layer homogenously distributed across the dentinal surface (Fig. 1d). The
matrix layer was easily detached and removed from the dentin with a brush following
dissolution of the surrounding mineral phase (Fig. 1e—f). The greatest amount of the organic
layer was observed in the cuspal/occlusal region (Fig. 1d—e). We believe this enamel matrix
layer is identical to the 150-300 um wide organic layer observed previously by SEM and by
confocal Raman spectroscopy [5].

3.2. Enamel Tuft Structures are Associated with the Enamel Organic Matrix

Coomassie Brilliant Blue staining of tooth sections demonstrated the appearance of enamel
‘tufts’ (Fig. 2a, black arrow). Interestingly, the distribution of the ‘tuft’ fissures correlates
with some features of the enamel organic matrix layer visualized after demineralization (Fig.
2b). Specifically, both structures arise, are congruent, and extend coronally from the DEJ,
with the tufts being observed within the organic matrix layer, which appears white in
undemineralized sections (Fig. 2a). The height of the tuft projections coincided with the
thickness of the matrix layer. However, a careful analysis indicates the rather monolithic
enamel tuft extensions are distinct from blue stained, spiral-shaped bundles composing the
organic matrix layer (Fig. 2b, white arrow). Importantly, the helical corkscrew pattern of
enamel matrix bundles in their longitudinal dimension (Figs. 2b) corresponds with gnarled
enamel associated with twisting enamel rods in the cuspal regions [27]. When Figures 2a
and 2b are overlaid, the enamel tuft projections do not superimpose with the spiral strands of
the surrounding organic matrix layer (Fig. 2c). In each specimen, enamel tufts and the
matrix layer were most prominent in the coronal/occlusal regions, which are exposed to
masticatory compressive forces in vivo (Fig. 2a and b). In contrast, in cervical regions
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subject predominantly to flexural forces, the organic matrix was thin and tufts were largely
absent (Fig. 2d-f).

3.3. Confocal Microscopy Reveals Fibrillar Sheets of Type VII Collagen in the Enamel
Organic Matrix

To investigate whether type VII collagen is present in mature teeth, we carried out
immunofluorescent staining on human tooth crown sections containing enamel, the dentin-
enamel junction, and dentin. In order to expose epitopes, crown sections were first
decalcified at room temperature. While non-immune controls were negative (Fig 3a and b,
respectively), anti-type VII collagen antibodies specifically labeled multi-stranded, fibrillar
arrays that originated within the DEJ and extended into the enamel (Fig. 3c). These fibrillar
arrays were observed in predominantly cuspal/occlusal regions, projecting coronally 200-
400 pum into enamel, and were spaced 100-200 um along the DEJ (Fig. 3c). Type VII
collagen positive fibrillar bundles exhibited a wavy pattern (Fig. 3 c, e, f), which mimicked
structures observed in Coomassie Blue stained sections (Fig. 2b). Moreover, cross-sectional
views show that type VII collagen is part of the tubular protein sheath surrounding
individual enamel rods (Fig. 3g). Technical difficulties prevented similar analyses of
sections from the cervical region (hot shown).

3.4. Type VII Collagen Within the Enamel Matrix is Susceptible to Bacterial Collagenase

Confirmation of the collagenous character of immunostained fibrillar arrays was obtained by
incubation of crown sections with purified bacterial collagenase, which cleaves glycine-X
bonds in collagenous domains including that for type VII collagen [28]. As shown in Figure
4b, bacterial collagenase-treated sections exhibited a much attenuated and fragmented
staining pattern. In contrast, the pattern of immunostaining for digestion controls was
unchanged (Fig. 4a).

3.5. Western Blotting Confirms the Presence of Type VII Collagen in Enamel

To confirm the presence of type VI collagen, eight individual crown extracts and enamel
matrix protein preparations from four individual molars from patients ranging from 18-73
years old were subjected to immunoblotting. Under reduced conditions, SDS-PAGE results
show an enrichment of 75 and 25 kDa type VII collagen fragments using monoclonal (Fig.
5a, ¢) or polyclonal (Fig. 5b, d) anti-type VII collagen antibodies. Similar molecular weight
fragments were also demonstrated in enamel matrix protein preparations with a third
monospecific antitype VII collagen antibody (results not shown). Figure 5e shows that
unreduced type VII immunoreactive bands migrated as a disulfide-bonded dimer at 280 and
230 kDa (lanes 1 and 2). After reduction, this dimer dissociated into its 75 kDa monomer
form (lanes 1R and 2R), which was resistant to pepsin digestion (Fig. 5f).

4. DISCUSSION

In contrast to dentin, mature enamel is believed to be devoid of an organic matrix [4] due to
its low content of organic compounds by weight (~1%) [2]. However, Eastoe [18], Sognnaes
[29], and Weatherell et al. [11] showed that human enamel does contain a highly insoluble
fibrillar proteinaceous component, which we believe represents the enamel organic matrix
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observed in the time lapse images after complete demineralization, and the 150-300 pm
wide organic layer observed previously by SEM and Raman spectroscopy [5]. Re-evaluation
of these early studies reveals several shared chemical and physical features with type VII
collagen. For example, the twisted corkscrew shape and cysteine content of enamel
“ribbons” identified by these authors closely resemble type VI collagen fibrillar bundles
[30] shown here to emanate from the DEJ. Enamel is thought to be collagen-free based on
the virtual absence of hydroxyproline and hydroxylysine in the mature tissue [1, 2].
However, this estimate assumes a uniform distribution within the enamel phase. In this way,
local enrichment of type V11 collagen observed here within the enamel organic matrix
adjacent to the DEJ would be consistent with the low, but apparently real levels of
hydroxyproline detected in mature enamel [31, 32].

Immunofluorescent images show that type VII collagen is distributed within the enamel
matrix layer in a pattern reflecting the underlying enamel rod architecture. Importantly,
cuspal regions morphologically contain more of the enamel organic matrix. Yet its
distribution as large 200-400 um macromolecular extensions contrasts with other epithelial-
derived tissues where it is restricted to the sub-basal laminae of the basement membrane
[33]. Despite these morphological differences, our identification of type VII collagen is also
supported by separate western blotting results and by its differential susceptibility to purified
bacterial collagenase and pepsin.

The unique helical pattern of type VII collagen within the enamel organic matrix as
compared to other epithelial tissues cannot be fully explained at present. However, the
hydrodynamic sizes of the immunoreactive dimers of M,= 280-230 kDa observed in enamel
matrix extracts is similar to that of intact skin-derived type VI collagen [34, 35]. As
expected for type VII collagen under reducing conditions, the dimer separated into a 75 kDa
monomer that was pepsin resistant [33]; and an amino-terminal 25 kDa fragment (35). These
results suggest that disulfide bonding may contribute to the well-known insolubility of the
enamel organic matrix [17], and why it may be protected during matrix degradation,
facilitating its retention after amelogenesis. Furthermore, the self-healing capacity of enamel
in the DEJ region described by Myoung et al. [13] could be related to the cross-linking
capacity of type VII collagen [33].

The well-known fracture resistance and damage tolerant properties of cuspal enamel remain
to be fully explained [12, 36]. For example, the path of experimentally induced cracks was
blunted upon reaching a 50-150 um wide region of inner enamel adjacent to the DEJ that
displayed material properties [37—-39] distinct from outer enamel. Because the contribution
of the mineral phase to enamel’s mechanical properties dominates current views, residual
enamel matrix proteins are considered biological contaminants [6], or degradation products
that do not play a major structural role [27]. In contrast, the present study indicates that the
inner enamel region contains macromolecular type VII collagen that is recoverable as a
separate insoluble matrix when the surrounding mineral is removed. It’s preferential
localization and distribution to hydroxyapatite prism/rod sheaths of undulating bundles of
cuspal/occlusal enamel, as opposed to cervical enamel (which is prismless) raises several
questions. Since cuspal/occlusal enamel is subjected primarily to compressive forces during
mastication, we speculate that the parallel orientation of type VI collagen fibrillar bundles
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along the expected lines of applied force may imply a stabilizing role in reducing stress
between the enamel and dentin layers. This stress relieving property could also reduce
occlusal stresses, inhibiting catastrophic crack growth within enamel [40]. Protein-protein
interactions between type VII collagen and other components of the basement membrane
separating the epidermal and dermal layers are responsible for maintaining the integrity of
skin [41]. Although occlusal functional force can produce a combination of compressive,
tensile, flexure, and shear stresses, teeth, like skin, do not typically separate into the two
layers. Mutations in type VI collagen lead to abnormal amelogenesis and abnormal enamel
rod orientation, which can be completely rescued by restoration of expression [21].
However, the functional impact of this altered rod orientation has not been carefully
evaluated.

In summary, we propose that identification of type VII collagen may help to explain the
unusual fracture resistance and toughness of the inner enamel adjacent to the dentin-enamel
junction of mature teeth. In this regard, it will be important in the future to probe for other
basement membrane proteins that may be present within the DEJ, and to test the tooth
material wear and fracture resistant properties of type V11 collagen null and rescued mice.
Similarly, deficiency of type VII collagen is associated with epidermolysis bullosa
dystrophica [42] that is associated with a number of oral complications including enamel
hypoplasia and rapid attrition of the teeth [43]. In support of our functional hypothesis for
type VII collagen, enamel hypoplasia presents as an abnormally thin enamel layer, which
exhibits rapid attrition under normal mechanical forces from opposing teeth. Since
pathologic delamination of enamel from the underlying dentin occurs in patients after high
dose oral cancer radiotherapy, future studies will also investigate whether radiation causes
loss or degradation of enamel type VII collagen.

5. CONCLUSIONS

We have identified for the first time that type VII collagen is a collagenase sensitive, pepsin
resistant component of the enamel organic matrix layer of mature human tooth enamel. Type
VII collagen extends as large macromolecular fibrillar bundles from the DEJ towards the
outer enamel surface, and is preferentially localized to the outer protein sheaths of
hydroxyapatite rods. Since type VI collagen acts as an anchoring fibril in the basement
membrane of other epithelial tissues, we speculate that it may play a similar role at the DEJ
serving to mechanically stabilize the enamel and dentin interface.
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Figure 1. Enamel organic matrix resides within the inner layer of enamel and is congruent with underlying dentin
Time lapse imaging of a demineralizing crown section captured over a 120 hour period as described in METHODS. a) Acrylic

embedded (asterick) upper molar crown section, immersed in neutral 10% EDTA, displays the enamel and dentin layers joining
at the optical DEJ (dotted black line). b) The same section after 24 hours and c¢) 36 hours of demineralization reveals the
progression of enamel demineralization, noted by the original coronal position of the enamel (dotted white line). d) Following
72 hours of demineralization, the residual organic matrix is seen within the inner layer of enamel distributed along the dentin,
predominantly in the cuspal regions (white arrowheads). ) The enamel is completely demineralized after 120 hours and the
enamel organic matrix is easily detached from the dentinal surface with a soft applicator brush (white arrow). f) Following
gentle removal of the organic matrix as shown in e), the underlying dentin outline is unchanged, as noted by the optical DEJ
(dotted black line). KEY: *, acrylic; E, enamel; D, dentin; DEJ, dentin-enamel junction (dotted black line), enamel outline
(dotted white line).

Bone. Author manuscript; available in PMC 2015 June 01.



1dussnuein Joyny vd-HIiN 1dussnueln Joyny vd-HIN

1duosnuey Joyiny vd-HIN

McGuire et al. Page 13

Figure 2. Enamel organic matrix is composed of spiral shaped bundles which are distinct from histologic enamel tuft projections
a) Enamel tufts are observed in undemineralized human molar crown section after staining with Coomassie blue. Histologic

enamel tufts (black arrow) of differing lengths are orientated in a coronal direction and emanate from the DEJ. The outline of the
organic matrix layer surrounding the enamel tufts can be seen due to light etching by the acetic acid in the stain. b) The same
section depicted in a) was then demineralized for 4 h and then restained. The organic matrix layer, congruent with and
emanating from the DEJ, is now composed of blue stained, corkscrew shaped parallel bundles and is enriched in the cuspal/
occlusal region. Enamel tufts were found to be distinct from the blue stained fibrillar bundles (white arrow). ¢) An overlay of
enamel tufts (white arrowheads) taken from a) onto the organic matrix layer in b) confirms the distinct morphologic patterns of
these two structures arising from the DEJ. d) Microscopic field showing a cervical region of the same Coomassie blue stained
tooth crown section prior to demineralization. €) The same cervical region shown in d) after 4 h of demineralization and
restaining. The enamel matrix layer was thin along the DEJ and enamel tufts were largely absent. f) An enlarged view of the
white box in e) illustrating the thin organic matrix (black arrow) at the DEJ. Notably, deeper staining of dentin requires a longer
staining interval. KEY': E, enamel; D, dentin; and DEJ, dentin-enamel junction
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Figure 3. Type VII collagen Immunoreactive spiral shaped fibrillar bundles emanate from the DEJ and project coronally up to 400
pm into the enamel

Immunofluourescently stained images were obtained using confocal microscopy as described in METHODS. Results shown are
representative of eight individual teeth. a) Control section stained with non-immune rabbit 1gG showed minimal staining. b)
Respective bright field image of microscopic field in a) which shows the position of the enamel organic matrix along the dentin
after complete demineralization. c) Lower power view of fibrillar arrays of type VII collagen emanating from the DEJ and
projecting coronally. d) Paired bright field image of c). e) A higher power view of spiral shaped type VII collagen bundles near
the coronal limit of the enamel organic matrix. f) Enlarged view of the white box in e). g) Cross-sectional view of the coronal
end of a type VII collagen fibrillar bundle demonstrating its “fish-scale” structure and relationship with the tubular sheath
surrounding the enamel rods. h) On some sections, the type VI collagen immunostaining pattern appeared as parallel corrugated
rows (arrowheads) within the organic matrix. KEY: EOM, enamel organic matrix; D, dentin; DEJ, dentin-enamel junction
(dotted white line).

Bone. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

McGuire et al. Page 15

Figure 4. Immunostained type VI collagen fibrillar bundles within the enamel organic matrix are susceptible to bacterial collagenase
degradation

Immunofluourescently stained images were obtained using confocal microscopy as described in METHODS. Results shown are
representative of four experiments. a) Immunostained appearance of digestion control section without collagenase. b)
Immunoreactivity of type VII collagen fibrillar bundles was greatly diminished after 6 h digestion with purified collagenase.
KEY: EOM, enamel organic matrix; D, dentin; and DEJ, dentin-enamel junction (dotted white line).

Bone. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

McGuire et al.

Figure 5. Immunostaining of whole crown extracts and enamel organic matrix fraction demonstrates an enrichment of type VII
collagen and associated fragments

a—d) Protein extracts from whole tooth crowns and the enamel organic matrix (see METHODS) were electrophoresed under
reducing conditions using 4-20% linear gradient gels and electroblotted onto polyvinylidene difluoride membranes and
immunostained with a monoclonal (a and c) or polyclonal (b and d) anti-type VII collagen antibodies. a—b) Type VII collagen
fragments with Mr=75 kDa and 25 kDa were enriched in whole crown extracts. c—d) Enamel extracts containing only the
enamel organic matrix fraction displayed an enrichment of similar type VII collagen-derived fragments, localizing type VII
collagen to the enamel. Importantly, immunolabeling was not dependent on patient age and was similar with both antibodies. e—
f) Organic matrix proteins electrophoresed using 7.5% gels and electroblotted onto polyvinylidene difluoride membranes and
immunostained with a polyclonal anti-type VI collagen antibody. ) Enamel matrix fraction from two individual molars was
electrophoresed either reduced (1R and 2R) or non-reduced (1 and 2). Non-reduced samples displayed higher molecular weight
mobilities of 280 and 230 kDa, which shifted to Mr=75 kDa fragment after reduction. f) Analysis of enamel matrix fraction
treated with or without pepsin digestion, followed by reduction, showed that the Mr=75 kDa type VII collagen fragment is
pepsin resistant and likely represents a collagenous domain fragment. The amount of protein loaded onto gel lanes for blots a-b
was 15 pg and for blots c—f was 30 pg. Antibodies used were: monoclonal anti-type VI collagen antibody (LH7.2) which
recognizes the non-helical carboxy terminal region of the collagen dimer; and, polyclonal anti-type V11 collagen antibody.
Molecular weight estimates are based on globular standards co-electrophoresed on the same gel.
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