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Collagen and amelogenin are two major extracellular organic
matrix proteins of dentin and enamel, the mineralized tissues
comprising a tooth crown. They both are present at the dentin-
enamel boundary (DEB), a remarkably robust interface holding
dentin and enamel together. It is believed that interactions of
dentin and enamel protein assemblies regulate growth and
structural organization of mineral crystals at the DEB, leading to
a continuum at the molecular level between dentin and enamel
organic and mineral phases. To gain insight into the mecha-
nisms of the DEB formation and structural basis of its mechan-
ical resiliency we have studied the interactions between collagen
fibrils, amelogenin assemblies, and forming mineral in vitro,
using electron microscopy. Our data indicate that collagen
fibrils guide assembly of amelogenin into elongated chain or fil-
ament-like structures oriented along the long axes of the fibrils.
We also show that the interactions between collagen fibrils and
amelogenin-calcium phosphate mineral complexes lead to ori-
ented deposition of elongated amorphous mineral particles
along the fibril axes, triggering mineralization of the bulk of
collagen fibril. The resulting structure was similar to the miner-
alized collagen fibrils found at the DEB, with arrays of smaller
well organized crystals inside the collagen fibrils and bundles of
larger crystals on the outside of the fibrils. These data suggest
that interactions between collagen and amelogenin might play
an important role in the formation of the DEB providing struc-
tural continuity between dentin and enamel.

Dentin and enamel, the two mineralized tissues that comprise a
tooth crown, are strikingly different in terms of their composi-
tional, structural, and mechanical properties (1). Despite these
differences, dentin and enamel work together for decades
under severe mechanical stress, without delamination or cata-
strophic failure.

Dentin is a mineralized tissue similar to bone, comprised
primarily of fibrillar collagen type I, carbonated apatite and
water (2). There are other so-called noncollagenous macromol-
ecules present that, in total, represent less then 10% by mass of
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organic material, although they play important roles in the for-
mation and function of these tissues. All bone materials share
the same basic building block, a collagen fibril, in which plate-
shaped apatitic crystals are organized in parallel arrays with
their c-axes co-aligned with the long axis of the fibril (2—4).
Collagen type I triple helical molecules, are super-coiled assem-
blies of two identical a1-chains and one a2-chain with a differ-
ent sequence (5, 6). Each chain contains more than 1000 amino
acids and is primarily composed of Gly-X-Y repeats, where
amino acids proline (Pro) and hydroxyproline (Hyp) predomi-
nantly occupy X and Y positions. All three chains in the mole-
cule adopt a polyproline IT (PPII)-like structure, which is stabi-
lized by direct and water mediated inter- and intra-chain
hydrogen bonds (5, 6). Collagen fibrils form via a self-assembly
process in which collagen triple helices aggregate with their
long axes in parallel. Within the fibril there is a linear shift of
some 67 nm (D-period) between neighboring molecules gener-
ating a periodic structure along the long axis of the fibril. This
staggered fibril assembly leaves gaps of 0.6D between the ends
of co-linear collagen molecules and an 0.4D overlap region for
every 67-nm fibril repeat (7, 8). It has been demonstrated in a
number of reports that collagen fibrils alone do not affect the
formation, morphology, and organization of calcium phos-
phate crystals (9-11), whereas the noncollagenous proteins
have been shown to regulate collagen mineralization in bones
and dentin (12—-14). Furthermore, the noncollagenous proteins
often bind to specific motifs on collagen molecules, and such
interactions are believed to play important roles in the regula-
tion of collagen mineralization (15-18).

Mature enamel is the hardest tissue in the body, com-
prised of ~95% apatitic mineral, 4% water and less than 1% of
organic matrix. In contrast, in forming enamel the organic
matrix comprises roughly 20% while mineral and water
account for 30 and 50% respectively. The basic building block
of enamel is an enamel rod, a dense array of needle-shaped
carbonated apatite crystals, roughly 50 nm across and tens of
microns long, with their c-axes co-aligned (1). These mineral
rods form an intricate three-dimensional interwoven micro-
structure, which contributes to the high fracture resistance of
enamel. A number of proteins were identified in the transient
enamel matrix, with amelogenin constituting more than 90% of
the enamel matrix. Amelogenin is a fairly hydrophobic protein
comprised of N-terminal tyrosine-rich domain (TRAP), central
proline-rich domain, and a C-terminal hydrophilic telopeptide
(19). Amelogenin monomers adopt an extended conformation
in solution with a large fraction of PPII type helix (20-24).
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Amelogenin self-assembles at physiological conditions into
nanospheres 10-20 nm in diameter, which aggregate into
chain-like higher-order structures (25, 26). It has been shown in
in vitro mineralization experiments that amelogenin regulates
morphology and organization of mineral particles, leading to
the formation of parallel arrays of elongated apatitic crystals,
similar to the organization in enamel rods (27, 28).

Dentin and enamel are bound together at the dentin-enamel
boundary (DEB),> a robust interface, which contributes to the
remarkable mechanical resilience of a tooth (29-34). DEB is a
part of a much broader transitional zone, called Dentino-
Enamel Junction (DEJ). The DEJ is a several hundred micron
thick layer with graded mechanical properties. Its main func-
tion is the transfer of mechanical forces from the hard and
brittle enamel layer to tough and soft dentin (35, 36). Structur-
ally, the DEB can be identified as consisting of the outer portion
of mantle dentin and the most basal layer of enamel, the so-
called aprismatic enamel (34). These two layers are distinctly
different from the bulk of their corresponding tissues. Mantle
dentin is a 10-20-um thick layer adjacent to enamel. It con-
tains bundles of mineralized collagen fibrils, oriented normal to
the DEB plane, the so-called von Korff fibers, in contrast to the
bulk of dentin tissue, in which collagen fibrils are oriented par-
allel to the DEB plane (15, 35, 37). Enamel adjacent to the man-
tle dentin lacks the typical prismatic architecture, and is com-
prised of mineral crystals also oriented normal to the DEB
plane, as are the crystals in Von Korff collagen fibrils.

The DEB is the first structure formed during tooth develop-
ment (1). Before the onset of mineralization, odontoblasts
and ameloblasts form two juxtaposed cell layers. Odonto-
blasts start to deposit organic matrix of the mantle dentin,
which begins to mineralize soon after its deposition. The begin-
ning of dentin mineralization triggers the enamel deposition by
ameloblasts which start to withdraw from the mineralized den-
tin layer leaving behind nascent enamel crystals of aprismatic
enamel embedded in a protein gel. The fact that dentin miner-
alization precedes enamel formation and that initial enamel
crystals form on top of the mineralized dentin and have similar
crystallographic orientation as the crystals in von Korff fibrils
led to the hypothesis that the mineralized mantle dentin serves
as a template for enamel crystals (38, 39). Yet, other researchers
have not found any evidence of epitaxial relationships between
dentin and enamel mineral; instead it has been proposed that
the dentin proteins or mineral crystals at the DE]J dictate the
enamel matrix organization, which in turn influences crystal
organization (40).

Besides their distinct structural organization, mantle dentin
and aprismatic enamel have unique protein compositions, dif-
ferent from the typical protein composition of bulk dentin
and enamel tissues. Specifically, a number of enamel proteins
including amelogenin, the major protein of forming enamel, is
also expressed by odontoblasts at the onset of dentin formation
and found in the mantle dentin (41, 42), while the major non-

2 The abbreviations used are: DEB, dentin-enamel boundary; PBS, phosphate-
buffered saline; BSA, bovine serum albumin; TEM, transmission electron
microscopy; SAED, selected area electron diffraction; DDW, deionized dis-
tilled water.
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collagenous dentin protein DSPP is transiently expressed by
early ameloblasts (43, 44). Such unique extracellular matrix
composition of mantle dentin and aprismatic enamel at the
DEB is likely to be essential for the proper formation and func-
tion of this interface. This notion is supported by the studies of
the hereditary tooth diseases in humans and experiments with
animal models, which demonstrate that mutations in a number
of extracellular tooth proteins lead to the weakening of the DEB
and the breaking off of tooth enamel leading to exposure of the
dentin surface (45-50). Hence, it is essential to understand how
the individual proteins present at this boundary, as well as more
complex systems including multiple ECM components, affect
calcium phosphate mineralization.

In vitro mineralization experiments are widely used to under-
stand the functional properties of proteins involved in mineral-
ization (51, 52). These in vitro systems are powerful research
tools and have numerous advantages, such as the ability to carry
out experiments in a systematic manner and under controlled
conditions. Such analytical approaches allow for the study of
one or more individual elements of a mineralization system in
isolation. At the same time, these in vitro systems, by their
nature, are less complex than the in vivo environment, which
involve multiple interactions which are extremely difficult to
reproduce in vitro. Nevertheless, synthesis of the data obtained
in in vitro experiments and in vivo observations can lead to
better understanding of complex biomineralization systems
such as that associated with the DEB.

To provide new insights into the supramolecular protein
assemblies and forming mineral at initial stages of tooth forma-
tion at the DEB we set out to study interactions between colla-
gen and amelogenin, two major matrix proteins in a developing
tooth, and the effects of these interactions on calcium phos-
phate mineralization in vitro.

EXPERIMENTAL PROCEDURES

Preparation of Purified Collagen Solution—The collagen
purification was carried out in accordance with well estab-
lished published procedures (9, 53). Acidic solution of type I
collagen was obtained from rat-tail tendon. The tendons
were collected from 4 — 8-week-old rats and washed in pro-
tease inhibitor buffer. Then the tendons were briefly rinsed in
deionized water, homogenized, and solubilized in 2 mm HCI
(pH 2.8). The collagen solution was centrifuged at 25,000 X gto
remove aggregates. Collagen was then purified by several cycles
of selective salt precipitation followed by acid dissolution as
reported elsewhere (9, 53). The quality and purity of the prep-
aration was verified by SDS-PAGE gel electrophoresis
(supplemental Fig. S1).

Stock Solutions—High purity CaCl,-2H,0O, Na,HPO,-7H,0,
NaH,PO,2H,0, KH,PO,, and NaOH were obtained from
Sigma-Aldrich. A 10X PBS buffer with 10.58 mm KH,PO,,
29.66 mm Na,HPO,7 H,O, and 1551.72 mMm NaCl was pre-
pared in deionized distilled water (DDW) with the resistivity of
18.2 MQ) cm. The pH of this buffer solution was adjusted to 7.2
(pH 7.8 at 1X dilution) using NaOH. Stock solutions of CaCl,
(6.68 mm) Na,HPO,-2 H,O (4 mm) and NaOH (5 mm) were
prepared using DDW. Lyophilized recombinant protein rM179
was dissolved in filtered DDW to give a concentration 2 mg/ml.
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the solution was maintained at 4 °C for 48 h to facilitate disso-
lution. rM179 was prepared and purified as previously
described (54).

Assembly of Collagen Fibrils—To achieve effective removal of
cross-linked collagen and to obtain collagen fibrils with larger
diameters, additional steps were taken prior to the assembly of
collagen fibrils on TEM grids. Typically, 9 ml of acidic collagen
solution and 1 ml of 10X PBS solution were mixed together to
obtain 0.1-0.2% collagen solution in 1X PBS. This solution was
incubated in a closed vial at 37 °C for 3 h. The incubation
resulted in a gel of self-assembled collagen fibrils. The resultant
gel was stored at 4 °C for typically 1 week upon which the gel
resolves into a clear solution. This solution was centrifuged at
25,000 X g at 4 °C for 30 min. The supernatant was collected
and stored at 4 °C. To obtain a thin layer of collagen fibrils, a
20-ul droplet of this mixed solution was placed on an inert
polyethylene substrate in a humidity chamber, and a carbon
coated Ni grid (EMS, Hatfield, PA) was placed on top of the
droplet. The humidity chamber was sealed and the sample was
incubated at 37 °C for 3 h. After the incubation, the grid was
quickly washed with DDW and blotted against a filter paper and
air-dried.

Amelogenin Assembly in the Presence of Collagen Fibrils—Re-
combinant full-length mouse amelogenin rM179 was produced
and purified according to an established protocol (54). The
stock solutions of rM179 and NaOH were mixed together to
obtain solution of 0.5 mg/ml amelogenin in 1.25 mm NaOH. A
20-pul droplet of this solution was placed on an inert polyethyl-
ene substrate in a humidity chamber. A TEM grid-coated with
thin layer of collagen fibrils as obtained above was placed on top
of this droplet. The samples were incubated at 37 °C for 4—16 h.
After the incubation, the grid were quickly washed with DDW,
blotted against a filter paper and air-dried. For TEM analysis,
the grids were negatively stained with 1% uranyl acetate.

Immunogold Labeling of Amelogenin Assembled in the Pres-
ence of Collagen Fibrils—Immunogold labeling was carried out
on samples with amelogenin assembled in the presence of col-
lagen fibrils to localize amelogenin with respect to collagen
fibrils and to rule out possibility of physical adsorption or dry-
ing artifacts in negatively stained samples. The TEM grids as
prepared above were incubated for 1 h with a solution contain-
ing rabbit anti-mouse amelogenin antibodies. The original anti-
serum was diluted 30X in PBS containing 0.5% BSA. The grids
were then washed for 3 min with 0.5% BSA in PBS, and the
washes were repeated four times. They were then incubated
with donkey anti-rabbit antibodies conjugated with 5-nm gold
particles after the original solution was diluted 25 X with 0.5%
BSA in PBS. The grids were washed five times, as described
above. Finally the grids were washed with DDW, blotted against
a filter paper, and air-dried.

Mineralization in the Presence of Amelogenin and Pre-assem-
bled Collagen Fibrils—To 5 ul of 4 mm Na,HPO, -2H,O solu-
tion, 5 pl each of 5 mm NaOH, 2 mg/ml amelogenin, and 6.68
mMm CaCl,"2H,O were, respectively, to achieve final concentra-
tions of 1.25 mm NaOH, 1.67 mm C CaCl,, 1 mm Na,HPO,, and
0.5 mg/ml amelogenin. pH of the mineralization solution was
adjusted to pH 8.2. A 20-ul droplet of this solution was place in
humidity chamber and a TEM grid-coated with thin layer of
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collagen fibrils as obtained above was placed on top of this
droplet. The samples were incubated at 37 °C for 2, 3, 4, and
16 h. After incubation, the grid were quickly washed with
DDW, blotted against a filter paper, and air-dried. pH measure-
ments of the mineralization solutions were taken before and
after the experiments, using a MI-414 6 cm combination micro-
electrode (Microelectrodes, Bedford, NH).

TEM and Selected Area Electron Diffraction (SAED) Analysis—
A JEOL 1210 TEM microscope operated at 100 kV and JEOL
2000EX operated at 200 kV were used to study TEM and SAED
of all samples. The micrographs were recorded using an AMT
CCD camera (AMT, Danvers, MA). An aluminum film coated
TEM grid (EMS Hatfield, PA) were used as a standard to cali-
brate SAED patterns for d-spacing calculations. The micro-
graphs were analyzed using Image] 1.38X image processing
software (Bethesda, MD). For statistical analyses of dimensions
of the protein assemblies and mineral particles, at least 50
measurements were performed in each case.

Tomography tilt series of mineralized samples were acquired
at nominal magnifications of X 23000 to 26,000, using Tecnai
12 transmission electron microscope (FEI, Hillsboro, OR)
equipped with a LaB6 filament at 120 KV. The micrographs
were recorded automatically using bottom mounted Gatan
2000 CCD camera. The micrographs were taken in a tilt range
from —60° to +60° with of 1° increment from —45° to 45° and
0.5° increment from —60° to —45°and from 45° to 60°. Because
of the strong contrast of mineralized samples, the images were
aligned using fiducial-less procedure in IMOD reconstruction
package (University of Colorado, Boulder, CO) (56). Three-di-
mensional density maps were reconstructed from the tilt series
images using Chimera software (University of California, San
Francisco, CA (57)).

RESULTS

Self-assembly of rM179 in the Presence of Reconstituted Col-
lagen Fibrils—The collagen assembly was carried out at 37 °C
on the carbon-coated TEM grids as described elsewhere (9).
The collagen fibrils were several microns long and had an aver-
age diameter of 162 = 37 nm. Negatively stained fibrils showed
a banding pattern with periodicity of ~67 nm, characteristic
of collagen type I D-spacing (Fig. 1A and supplemental Fig.
S2). After the deposition of collagen fibrils, amelogenin
assembly was carried out on the same grid at a pH adjusted
to 8.0—8.3. The TEM studies of negatively stained samples
revealed two populations of amelogenin self-assemblies: ho-
mogeneous amelogenin assemblies and assemblies associ-
ated with collagen fibrils. Amelogenin not associated with
collagen fibrils self-assembled into individual nanospheres
of average diameter 17.6 = 2.6 nm with very few larger aggre-
gates (Fig. 1A), which is in an agreement with literature reports
of amelogenin self-assembly at pH 8.0 and above (25, 26), and
our control amelogenin self-assembly experiments without col-
lagen fibrils (supplemental Fig. S3). At the same time, long
chains of nanospheres, 12 * 2.3 nm in diameter were observed
in association with collagen fibrils. These chains were aligned
with the long axis of the fibril, in many instances the individual
nanospheres in the chains fused together, forming filamentous
structures (Fig. 1, B and C).
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FIGURE 1. TEM micrographs of collagen fibrils incubated with ameloge-
nin and negatively stained, at low (A) and intermediate (B) magnifica-
tions. Note the chains of nanospheres and fused filamentous amelogenin
assemblies associated with collagen fibrils, indicated by arrowheads.

We have also performed immunogold labeling of the samples
using murine amelogenin antibodies, to further confirm that
amelogenin binds to collagen fibrils (Fig. 2). The average den-
sity of the gold particles on the grid was 397.2 (S.D. = 94.84)
p/um?, while on the carbon grid it was 67.8 (S.D. = 33.75)
p/um?. The difference was significant (p = 0.0007) suggesting
that amelogenin preferably binds to collagen fibrils. In the
control samples containing collagen fibrils without ameloge-
nin there were very few gold particles, which were randomly
distributed throughout the grid (supplemental Fig. S4A4),
indicating that the observed preferential binding was not
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FIGURE 2. TEM micrographs of collagen fibrils incubated with ameloge-
nin and labeled with amelogenin antibodies.

due to the cross-reactivity of amelogenin antibodies with colla-
gen fibrils. As an additional control, we performed immunola-
beling with amelogenin assembled on the grid. In this case, a
high density of randomly distributed gold particles was
observed (supplemental Fig. S4B).

Mineralization of Collagen Fibrils in the Presence of rM179—
When collagen fibrils were exposed to the mineralization solu-
tion without amelogenin, typical plate-like mineral crystals
randomly distributed on the grid were observed. The reconsti-
tuted collagen fibrils alone did not have any effect on the distri-
bution or organization of the mineral (supplemental Fig. S5).

Calcium phosphate mineralization in the presence of rM179
(0.5 mg/ml) and reconstituted collagen fibrils was studied as a
function of incubation time. The samples were analyzed after 2,
3,4, and 16 h from the beginning of the reaction. Progression of
the mineralization was monitored by measuring changes in the
pH, as reported elsewhere (27), while the changes in mineral
phase, morphology, and organization were studied using TEM,
electron tomography, and electron diffraction (SAED).

After 2 h, the pH of the mineralizing solution dropped to pH
7.6 from the initial pH of 8.2. TEM analyses of the samples
revealed small randomly shaped mineral particles, 8.1 = 1.4 nm
across (Fig. 3, A and B) that were distributed evenly throughout
the grid. The small particles formed larger aggregates, 54 = 14
nm across, which were mostly associated with the collagen
fibrils. SAED analysis of the sample indicated the presence of an
amorphous mineral phase, characterized by the diffused ring
diffraction pattern (Fig. 3A, inset). In addition to these large
mineral aggregates, a few filamentous mineral structures, 3—4
nm across were also observed. These A close examination of
these filaments at high magnification suggest that they are
chains of smaller particles (Fig. 3C). A detailed analysis of TEM
images revealed low electron density rings around mineral par-
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cations. The diffraction pattern in the inset in panel A suggests the presence of ACP. In panel B a close up of the outlined mineral aggregate in the inset,
arrowheads point toward individual mineral particles forming the mineral aggregate. Panel C shows four representative high magnification images of filamen-
tous mineral particles (arrowheads). Micrograph in D shows the mineral particles surrounded by low electron density protein envelopes (arrows).

ticles and aggregates (Fig. 3D), which we interpret as ameloge-
nin assemblies, suggesting co-operative interactions between
amelogenin and evolving mineral phases, as has been previously
proposed (27, 28).

Three hours after the beginning of the reaction, small min-
eral particles and larger aggregates, similar to those observed
after 2 h, were still seen. At the same time, in this sample we also
observed a new type of mineral particles. These were filamen-
tous particles, 4.1 £ 0.6 nm thick and 59 = 13 nm long, which
represented a significant fraction of mineral particles in this
sample. They were often associated with the large mineral

“BSEME\
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aggregates (Fig. 4). Some of these particles were associated with
collagen fibrils. Importantly, particles associated with the col-
lagen fibril were organized into bundles that were co-aligned
with the long axes of the fibrils (Fig. 4). SAED analysis of the
mineral including the bundles of mineral filaments revealed
only an amorphous mineral phase (Fig. 4C, inset). A few fila-
mentous mineral particles were also seen in the 2-hour samples
(Fig. 3B); however, no organized assemblies of these particles
could be detected.

Four hours after the beginning of the reaction, the solution
pH dropped to pH 7.4. The TEM analysis revealed ribbon-like
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FIGURE 4. TEM micrographs of unstained collagen fibrils mineralized in
the presence of amelogenin for 3 h, at low (A) and high magnifications
(B). The diffraction pattern in the inset suggests the presence of ACP. Note the
bundles of filamentous mineral on the collagen fibrils surfaces aligned with
the fibril axes. Note also that elongated mineral particles similar to those
forming on the collagen fibrils are distributed throughout the field of view,
however, they are not organized.

particles, 60 = 12 nm long and 2.7 = 0.3 nm thick that were
assembled into bundles with near parallel arrangement of the
particles. (Fig. 54). The SAED analysis indicates that these par-
ticles are comprised of poorly crystalline apatite. These data are
in a good agreement with recent reports of mineralization in
the presence of amelogenins (27, 28).

Beside these bundles, which were found throughout the
grid, some of the mineral particles were associated with the
collagen fibrils (Fig. 5, A—C). Again, particles associated with
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the collagen fibrils were much better organized than isolated
mineral bundles described above. They were arranged in paral-
lel arrays, co-aligned with the long fibril axis. These mineralized
areas were 100—-200 nm across and more than a micron long
and followed all twists and turns of the associated collagen
fibril, suggesting that the collagen fibrils guide the mineral
deposition.

A diffraction pattern (Fig. 5C, inset) taken from the min-
eral aggregate associated with a collagen fibril reveals the
arc-shaped reflection, corresponding to 002 plane of apatite,
indicating that the mineral crystals are arranged with their
crystallographic c-axes parallel to the long axis of collagen fibril.
The absence of higher order reflections and low intensity of 002
reflections compared with 16-h samples (Fig. 6) also suggests
that after 4 h of incubation the mineral crystals are not fully
matured.

After incubation for 16 h the pH dropped to pH 6.7. TEM
of the reaction products revealed higher degree of mineral-
ization and organization of the mineral particles associated
with collagen fibrils compared with the 4-h samples (Fig. 6).
The mineral crystals associated with collagen fibrils were much
better aligned with the collagen fibril axes than in the 4-h sam-
ples. The mineral particles had similar ribbon-like appearance;
however the length (82 = 16 nm) and thickness (3.2 * 0.4 nm)
increased indicating a progressive growth of the mineral parti-
cles. The diffraction pattern, as in the 4-h old samples, corre-
sponded to crystalline apatite, however the number of reflec-
tions and their intensity were much higher suggesting an
increase in crystallinity of the mineral (Fig. 64, inset). Crystal-
line bundles not associated with collagen fibrils were also
observed (Fig. 6B). These bundles were similar in size and orga-
nization to ones found in mineralization experiments in the
presence of amelogenin alone (27, 28).

To better understand the nature of the collagen-mineral
complexes, we have performed an electron tomography
study of several mineralized fibrils, which were incubated for
16 h. One tomography series was carried out on a collagen fibril
with low mineral content, likely representing an early stage of
mineralization (Fig. 7). Two movies, a tilt series of the region
shown in Fig. 7A and a reconstruction of the fragment shown in
Fig. 7D are presented in Movies 1 and 2, respectively. Although
mineral bundles associated with the fibril were co-aligned with
the fibril axis, they were poorly organized and were surrounded
by a shell of low electron density material, which we interpreted
as a proteinaceous envelope surrounding the forming crystals.
Similar structures were previously observed in mineralization
experiments in the presence of amelogenins (27, 28). The tomo-
graphic reconstruction revealed that these aggregates were
bound to the surface of the collagen fibrils and no mineral at
this stage was found inside the fibrils.

Another tomography series was carried out on a highly min-
eralized fibril (Fig. 8). To better visualize the organization of the
crystals in the mineralized fibrils, the high resolution recon-
struction was performed on a 50-nm thick section of the fibril
oriented in the grid plane and cutting through the middle of the
fibril. The tomographic reconstruction has revealed that the
mineral particles are present throughout the fibril thickness
and the mineral density was higher inside the fibrils than on the
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outside (Fig. 8). Two movies, a tilt series of the area shown in
Fig. 84 and a reconstruction of the fragment shown in the bot-
tom panel of Fig. 8 are presented in Movies 3 and 4, respectively.
Interestingly, the mineral particles on the outside were larger
and less organized than those inside the fibril, suggesting that
collagen molecules might play a role in the organization of min-
eral particles inside the fibril.

The results of the tomography studies support the notion
that the mineralization of the collagen fibrils in the presence
of amelogenin starts on the outside of the fibrils and is
guided by oriented amelogenin assemblies. Once the mineral
crystals form on the surface of the fibrils the mineralization of
the bulk of the fibril takes place.

DISCUSSION

We have conducted a series of experiments with the goal to
determine how supramolecular complexes of collagen and
amelogenin influence calcium phosphate mineral formation
and structural organization. Specifically, we show that collagen
fibrils can interact with amelogenin nanospheres and guide
their assembly into chains and filamentous structures aligned
along the fibril axis. Furthermore, the results of our study indi-
cate that the interactions between collagen fibrils and ameloge-
nin can regulate calcium phosphate mineralization, leading to
formation of organized mineral crystal arrays associated with
collagen fibrils, with their c-axes aligned with the long axis of
the fibril.

The results of our protein assembly experiments show that
amelogenin nanospheres interact with reconstituted collagen
fibrils leading to the formation of chain-like or filamentous
assemblies of amelogenin on the collagen fibril surface, aligned
with the fibril axis. Amelogenin nanospheres in these higher-
order assemblies were significantly smaller than the isolated
nanospheres not associated with the fibrils, suggesting changes
in packing of amelogenin molecules during the formation of
these chains. Similar higher order assemblies of amelogenin
nanospheres have been described in a number of recent studies
(26,28, 58) at pH 7.5 and below, or in the presence of Ca>™ ions,
while at pH 8.0—-8.3, maintained in our experiments, mainly
isolated nanospheres were reported. The fact that in our exper-
iments such structures were found only in association with
collagen fibrils and were oriented along the fibril axes indi-
cates that specific interactions between amelogenin and col-
lagen fibril surfaces regulate the formation of these elongated
amelogenin assemblies. In an earlier study Wiedemann-Bidlack
et al. (26) similarly found that the diameter of isolated rM179
nanospheres (10 * 2.5 nm) significantly decreases (7 = 1.3 nm)
upon assembly into chain-like structures at pH 7.2.

Our immunolabeling experiments further confirm the pref-
erential binding of amelogenin to collagen fibrils. Interestingly,
amelogenin has been previously reported to lack any specific

FIGURE 5. TEM micrographs of unstained collagen fibrils mineralized in
the presence of amelogenin for 4 h at low (A) and intermediate (B); Cis a
higher magnification of the fibril in B. The mineral is poorly crystalline apa-
titic phase, based on the electron diffraction in the inset, which is taken from
the mineralize collagen fibril (f) shown in C. Note that the 002 reflections are
co-aligned with the collagen fibril axis. Also note small bundles of elongated
crystals throughout the grid (arrows).
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FIGURE 6. TEM micrographs of unstained collagen fibrils mineralized in the presence of amelogenin for 16 h. Electron diffraction pattern in the inset
taken from thefibrilin A, indicates the presence of mature apatitic crystals co-aligned with the fibril axis. Besides the mineral particles associated with collagen
fibrils, bundles of elongated crystals (arrowheads) were observed throughout the grid (B).

binding affinity to gelatin (59). This discrepancy can be due to
the differences in the molecular structure of denatured triple
helices of gelatin versus the highly organized arrangement of
collagen triple-helices in the fibrils (60). It is plausible that
amelogenin can recognize the surfaces of collagen fibrils, with
periodic molecular structure, but will not bind to denatured
triple helices of gelatin. Such differences in interactions of
native collagen and gelatin with other proteins have been pre-
viously reported. For example, native collagen is a much better
substrate for collagenases than gelatin, because of their struc-
tural differences (61). Differences have been also reported in
the binding affinity of integrins to collagen and gelatin (62, 63)
Many non-collagenous proteins bind to specific regions of col-
lagen molecules, leading to their preferred localization to par-
ticular bands of the periodic collagen fibril pattern (15-17, 64).
The analysis of the amelogenin immunolabeling data has not
revealed any periodicity in the gold particle distribution on the
collagen fibrils, as it has been observed for other proteins, which
might indicate that the nature of collagen-amelogenin interac-
tions do not involve any localized recognition domains along
the collagen molecules. Yet, the fact that the amelogenin supra-
molecular assemblies co-align with the fibril axis suggest a
some level of specificity of these interactions which might be
based on the recognition of the general structural properties of
the triple helices, and their staggered arrays or, might involve
weak interactions, such as hydrogen bonds between PPII
regions of amelogenin and collagen.

Opver the years, a number of studies have demonstrated that
fibrillar type I collagen itself does not affect calcium phosphate
mineralization and other factors, such as noncollagenous acidic
proteins are needed to regulate this process (9-11). Here we
demonstrate that the presence of amelogenin assemblies can
affect the mineralization process and lead to the formation of

19284 JOURNAL OF BIOLOGICAL CHEMISTRY

highly organized mineral crystallite arrangements inside and
outside collagen fibrils, structurally similar to the mineralized
collagen fibrils of bone and dentin.

The results of our mineralization experiments indicate that
the first mineral phase formed was amorphous calcium phos-
phate. It has to be mentioned however that at the nanoscale it
might be difficult to distinguish between amorphous phases
and nanocrystals which are only a few unit cells across. Never-
theless, our results are in a good agreement with recent litera-
ture reports, showing that the full-length amelogenin tran-
siently stabilizes ACP in vitro (27) and that transient ACP is
present in early secretory enamel in vivo (65).

Interestingly, alongside with randomly shaped mineral par-
ticles and aggregates, highly anisotropic needle shaped or fila-
mentous mineral particles were observed after 3 h in the reac-
tion. These particles were observed throughout the grid and not
only in association with collagen fibrils which suggests that
the shape of these elongated particles is primarily regulated by
amelogenin, whose ability to control calcium phosphate min-
eral growth has been previously shown in a number of studies
(27, 28, 55). Interestingly, the SAED analysis of 3-h samples
revealed only amorphous mineral phase, implying that the
elongated shape of the particles is determined before the crys-
tallization takes place. We have recently reported that the mor-
phology and structural organization of initial amorphous min-
eral particles in secretory enamel is similar to more mature
crystalline mineral structures (65). Our data presented here fur-
ther support the notion that enamel matrix proteins, and
amelogenin, in particular, play the major role in the regulation
of mineral morphology in secretory enamel.

Whereas the elongated mineral particles were randomly dis-
tributed across the grid in 3-h samples, a number of organized
bundles of these particles were found on the collagen fibrils.
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FIGURE 7. A, TEM micrograph of a collagen fibril with mineral bundles attached at its surface. B, a tomographic reconstruction of the area outlined in A. 1 and
2 are views from different angles at mineralized bundles indicated in B as areas 1 and 2.

Despite their amorphous nature, these bundles were similar to
the bundles of apatitic crystals associated with collagen fibrils,
which were observed at longer incubation times. Specifically,
the long axes of the particles in these bundles were co-aligned
with the fibril axes. This observation suggests that collagen
fibrils influence the organization of mineral particles on their
surface, possibly via interactions with amelogenin assemblies
associated with the mineral. As discussed above our data
strongly indicate the presence of specific interactions between
collagen fibrils and amelogenin, which lead to formation of
elongated amelogenin assemblies aligned with the long axes of
collagen fibrils. We believe that such interactions can lead to
organization of mineral particles along the fibril.

After 4 h the majority of mineral particles were apatitic
nanocrystals based on the diffraction analysis. Two groups of
mineral particles were observed. One group, not associated
with collagen fibrils, consisted of relatively small bundles of
aligned crystals, similar to the crystalline arrays reported in ear-
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lier studies of calcium phosphate mineralization in the pres-
ence of amelogenin (27, 28). Second group consisted of the
large arrays of elongated mineral crystals, co-aligned with the
fibril axes. These crystalline arrays were wider, longer and
much better aligned than the bundles not associated with col-
lagen. Interestingly, these mineralized bundles were often up to
2 times wider than the diameter of the collagen fibrils, with
which they are associated. Our tomography data further show
that these arrays originate at the surface of the collagen fibrils
and at the later stages propagate into the bulk of the fibrils. The
analysis of the tomographic reconstructions revealed that there
are two populations of crystals in these bundles. One consists of
small well-aligned crystals inside the collagen fibrils, while
another is comprised of larger and less aligned crystals on the
periphery of the fibrils. These observations suggest that the
mineral arrays are comprised of two portions, one on the out-
side controlled by the amelogenin assemblies aligned on the
collagen fibril and the inner portion which is guided by the
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FIGURE 8. A, TEM micrographs of fully mineralized collagen fibril at low (A) and high magnifications (B). Three-dimensional reconstructions of the mineralized

fibril from two different angles are shown in the bottom panel.

organization of triple helices in the collagen fibril. We believe
that these arrays develop from the bundles of amorphous min-
eral particles, observed on the surface of collagen fibrils in 3-h
samples.

Overall, the results of our in vitro study show that the ameloge-
nin assemblies interact with forming mineral and lead to the for-
mation of elongated amorphous particles, while the interactions
between collagen fibrils and amelogenin assemblies lead to the
oriented deposition of the mineral on the surface of the fibrils.
After crystallization, the mineral particles induce oriented crys-
tal nucleation and growth inside the collagen fibrils leading to
the formation of continuous network of organized crystals in
and around the fibril. These data support the hypothesis that
amelogenin can regulate collagen fibrils mineralization at the
DEB and facilitate the continuity of mineral and organic phases

19286 JOURNAL OF BIOLOGICAL CHEMISTRY

between dentin and enamel. At the same time, the DEB is a
complex structure, containing other matrix macromolecules
which might play important roles in the formation and func-
tion of this boundary. Further studies are needed to gain a
better understanding of this fascinating interface.

CONCLUSION

We show that full-length amelogenin can organize into
chain-like or filamentous structures on the surface of collagen
fibrils. Furthermore, the interactions between collagen fibrils,
amelogenin assemblies and mineral particles lead to mineral-
ization of collagen fibrils. The mineral crystals organize on the
outside and inside of collagen fibrils in parallel arrays with
c-axes of the crystals co-aligned with the fibril axis, similar to
the crystal organization in the native collagen fibrils. Collec-
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tively, these results suggest that amelogenin might play a role in
collagen mineralization at the dentino-enamel boundary and
facilitate the formation of robust interactions between mineral
and organic phases of dentin and enamel at the molecular level.
We believe that these results provide novel insight into forma-
tion and stability of this unique interface.
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