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Enzymatic Processing of Amelogenin during Continuous
Crystallization of Apatite

V. Uskoković1, M.-K. Kim1,2, W. Li3, and S. Habelitz1

1 Division of Biomaterials and Bioengineering, Department of Preventive and Restorative Dental Sciences,
University of California, San Francisco

2 Department of Molecular and Cell Biology, University of California, Berkeley

3 Department of Oral and Craniofacial Sciences, University of California, San Francisco

Abstract
Dental enamel forms through a protein-controlled mineralization and enzymatic degradation with a
nanoscale precision that new engineering technologies may be able to mimic. Recombinant full-
length human amelogenin (rH174) and a matrix-metalloprotease (MMP-20) were employed in a pH-
stat titration system that enabled a continuous supply of calcium and phosphate ions over several
days, mimicking the initial stages of matrix processing and crystallization in enamel in-vitro. Effects
on the self-assembly and crystal growth from a saturated aqueous solution containing 0.4 mg/ml
rH174 and MMP-20 with the weight ratio of 1:1000 with respect to rH174 were investigated. A
transition from nanospheres to fibrous amelogenin assemblies was facilitated under conditions that
involved an interaction between rH174 and the proteolytic cleavage products. Despite continuous
titration, the levels of calcium exhibited a consistent trend of decreasing, thereby indicating its
possible role in the protein self-assembly. This study suggests that mimicking enamel formation in-
vitro requires the synergy between the aspects of matrix self-assembly, proteolysis and
crystallization.

Introduction
Amelogenesis is one of the most fascinating mineralization processes in the biological realm.
Not only does it produce the hardest tissue among vertebrates, but it is also a process in which
the extracellular matrix disintegrates in parallel with giving rise to a 96 – 98 wt% mineralized
tissue with an extraordinary superstructural organization. Mature enamel is composed of 40 –
60 nm wide and up to several hundred microns long hydroxyapatite (HAP) fibers packed in a
parallel fashion within rod-shaped structures of 4 – 6 μm width1 (Fig.1). Having length-to-
width aspect ratios of up to 10,000, HAP crystals in enamel are 1000 times longer than the
ones found in bone.

Another impressive feature of amelogenesis is that it presents a form of extracellular
mineralization. Ameloblast cells secrete the majority of the ingredients of this matrix, but the
nucleation, crystal growth and the subsequent locking in space of fibrous HAP crystals is
implicitly assumed to be primarily under control of the self-assembling polypeptide gel. It is
exactly this minimal involvement of the cell that opens the door for biomimicry studies that
exclude the presence of relevant cell and tissue cultures.

Ninety weight percent of the peptide component of the enamel matrix are composed of
amelogenin (Amg) proteins, while the rest mostly belongs to ameloblastin, enamelin and
proteolytic enzymes. We have limited our studies to the use of only two out of a multitude of
peptide species existing at one time or another during the up to four years long period of the
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formation of the tooth crown and of the activity of its parenting matrix. These are a recombinant
full-length human Amg (rH174) and matrix metalloprotease-20 (MMP-20), also known as
enamelysin. The former comprises 90 % of all the amelogenins in the enamel matrix, and the
latter is regarded as the major protease involved in the hydrolysis of Amg. MMP-20 is known
to selectively cleave the full-length protein at seven sites along its sequence, but the purpose
of this selective hydrolysis is still unclear. The second major enzyme, enamel matrix serine
protease-1 (EMSP1), also known as kallikrein-4, increases in concentration towards the end
of enamel maturation and is assumed to have the role of fully digesting Amg (as evidenced by
its aggressive and less selective cleavage). On the other hand, MMP-20 is present in the enamel
matrix from the earliest stages of enamel formation2, which implies that its role in the process
must be more than mere digestion and promotion of the free space for the mineral expansion.
In fact, the initially secreted nascent proteins are present in the enamel matrix in transient forms,
and are relatively quickly processed to generate a wide spectrum of smaller peptides. It is the
aim of our study to explore the role that this enzymatic reaction plays in the context of the
enamel matrix maturation and the buildup of the actual crystal structure.

It has previously been evidenced that Amg forms nanospheres in aqueous solutions. Although
such morphologies could be explained by the mainly hydrophobic nature of the constitutive
amino acids, it is still not confirmed that these morphologies of Amg are the ones that play the
role in directing the growth and spatial arrangement of HAP crystals in the developing enamel
matrix. Nonetheless, as of today, the general explanation of Amg-guided crystal growth of
fibrous HAP crystals in the enamel refers to a selective attachment of hydrophobic Amg
nanospheres onto (hk0) planes of the growing crystals, fostering thereby their growth along
[001] axis. However, fibrous assemblies of Amg, evidenced on a few previous occasions3,4,
5, suggest that a mutual elongation of the inorganic and organic phases may be essential for
the whole process. Therefore, a particular emphasis in our study has been placed on determining
the conditions that may trigger the formation of fibrous morphologies of the protein assemblies.

As suggested by others, the cleavage products of the enzymatic reaction involving MMP-20
and the nascent Amg may play a role in facilitating the proper self-assembly of the developing
enamel matrix6. This viewpoint is supported by many medical studies which showed that
mutations not only on the amelogenin gene, but on the one that codes for MMP-20 cause
amelogenesis imperfecta, i.e., a pathological state typified by the formation of abnormal and
significantly weakened enamel7,8. The major hypothesis deduced from the essential role
proposed for MMP-20 in regulating the mechanism of enamel formation consequently refers
to a synergy between the three aspects of the process - protein self-assembly, proteolytic action
and crystallization – as responsible for the proper growth of enamel at the micro scale (Fig.2).
Studies of these separate aspects are thus required as much as studies of their acting in unison
for a proper understanding of the mechanism of concern. The aim of this work is to provide
results that would support the meaningfulness of pursuing such an integrative study.

Experimental
The recombinant rH174, rH163 and rH-MMP-20 were obtained through their expression in
BL21DE3 plysS Escherichia Coli using a procedure described previously9. The experiments
in static conditions involved rH174 dispersions in water (0.1 – 0.4 mg/ml), mixtures of rH174
and rH163 (0.1 mg/ml), or mixtures of rH174 (0.4 mg/ml) and MMP-20 (1:1000 weight ratio
respective to rH174) at different pHs and in the presence of: 150 mM KCl to maintain the
physiological background ionic strength; 0.02 % of NaN3 as the antimicrobial agent; and 20
mM Bis-Tris/HCl or Tris/HCl as the buffer at pHs between 5 and 6.5 and 7 to 8.5, respectively.
The samples were incubated at the physiological temperature, and after different aging times
deposited on glass substrates, incubated in a wet cell, washed, dried with canned air and
analyzed.
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The experiments in the dynamic, titration mode involved the use of the so-called “constant
solution composition” titration. The method was developed by Nancollas et al earlier10. The
major difference of our titration setting from this classical one is a considerably larger amount
of the peptides employed and correspondingly smaller reaction volumes (2 – 6 ml). In addition,
the method was not applied in a CO2- and carbonate-free environment. As a result, selective
binding and complexation of ions by the peptide species and the precipitation of a carbonated
apatite imply a difficult control over the ionic concentrations. The classical constant solution
composition method was designed to determine the thermodynamic data of nucleation and
crystallization of various mineral systems, and thus required a perfect steadiness of the ionic
conditions. In contrast, the pH-controlled titration process applied herein does not aim to keep
the ionic concentrations constant over the entire reaction time, but is designed to continuously
supply the solution with calcium, phosphate and hydroxyl ions in association with a pH
decrease registered at a glass electrode. While continuously supplying the solution with the
precipitating ions, the goal of this approach is to maintain the degree of saturation of the solution
in the metastable range with regards to HAP, and thus allow the crystal growth to occur
continuously but at the same time preventing a spontaneous precipitation. Accordingly, the
approach presented here is termed “continuous crystallization” approach, contrasting a static
approach with a continuous depletion in mineralizing ions until the equilibrium saturation is
obtained and crystal growth halted.

Previous studies have shown that the degrees of saturation (DS) of 12.5 and above lead to an
unselective nucleation of the apatite phase outside of the range of the provided apatite surface
as part of the substrate11. The DS was calculated as equal to pKsp – pIP, with pKsp as the
negative logarithm of the solubility activity product of stoichiometric HAP (pKsp = 58.6)12
and pIP as the negative logarithm of the ionic activity product. Software developed by M. J.
Larsen13 has been applied for calculating the ionic activity products under the conditions used
in our experiments. Precipitation of the stoichiometric HAP releases 4 protons per formula unit
(Eq.1), but this drop in pH is prevented by the titration of the basic precursor solutions, triggered
whenever the pH falls below the limits of the control point (set to pH 7.400). A feedback-based
control is thus established between the precipitation and the titration. The basic setting of the
titration system is shown in Fig.3. The concentrations of the titrant solutions were calculated
using ionpair and complex formation constants, mass balance and electroneutrality expressions
derived by Nancollas et al14. An effective titrant concentration of Ceff = 1.0 mM was chosen
with one titrant solution comprising 8.2 mM CaCl2 and 284 mM KCl and the second one
consisting of 5 mM KH2PO4 and 7 mM KOH. The reaction vessel solution initially comprised
0.4 mg/ml rH174, 0.04 μg/ml MMP-20, 150 mM KCl, 0.02 % NaN3, 1.6 mM CaCl2 and 1.0
mM KH2PO4. MMP-20 was the last component introduced to the system, thereby marking the
beginning of the reaction time. The DS was calculated as equal to 10.9 with respect to pure
HAP, but the presence of carbonates in the system implies the likelihood of the formation of
carbonated hydroxyapatite. The pH-stat titration was performed using a Titrino 751 GDP
device connected to a Dosimat 755 (Brinkmann-Metrohm) with 1 ml burettes. Micro-glass
electrodes from Metrohm were used for monitoring the pH.

The experiments were carried out throughout 7-day periods of time. Three experimental runs
for each test group were performed, which included: a) without rH174; b) with 0.4 mg/ml
rH174; and c) with 0.4 mg/ml rH174 and MMP-20 (1000:1 weight ratio respective to rH174).
Polished and etched substrates composed of preferentially oriented rod-shaped fluoroapatite
(FAP) crystals interspersed in a silica matrix were sampled out after different reaction times,
rinsed with deionized water, dried with canned air and analyzed (Ref 11, 24).

(Eq.1)
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Atomic force microscopy (AFM, Nanoscope III, Digital Instruments) and Scanning Electron
Microscopy (SEM, DS130C, Topcon) were used for the morphological characterization of the
samples. The samples from static experiments were prepared for the AFM analysis by
extracting a droplet of the suspension and depositing on a glass slide, keeping it for 1h in a wet
cell, washing with a few droplets of water and drying with canned air. Tapping-mode AFM
was applied using Si-tips with a radius of about 5 nm (Supersharp, Nanosensors). Selected
samples were sputtered with gold and studied on the SEM at 5 kV. Energy-disperse analysis
(EDX, DX-4, Topcon) was applied to determine the presence of calcium, phosphate and carbon.
Protein solutions were analyzed at different time points of MMP-20 digestion using Matrix-
assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry (Voyager
DE STR, Applied Biosystems). To analyze solution digests, MMP-20 in concentration of 200
nM was added to a solution composed of an assay buffer (10 mM CaCl2, 150 mM NaCl, 10
mM ZnCl2 and 50 mM Tris/HCl at pH 7.5) and 2.0 mg/ml rH174. To analyze digestion of
Amg bound to carbonated apatite (obtained using a previously described method15), 200 μL
of the assay buffer along with 3 μL (200 nM) of MMP-20 was added to a suspension composed
of 1 and 2 mg/ml of carbonated apatite and rH174, respectively, in 20 mM Tris/HCl aqueous
buffer at pH 7.5. In both cases, the proteolytic reaction was stopped by the addition of 1.0%
formic acid and 50% acetonitrile. The samples were then diluted with 0.1% formic acid to a
final concentration of 1.4 pmol/μl and mixed with a matrix (α-cyano-4-hydroxycinnamic acid
in 50% acetonitrile and 0.3% tetrafluoric acid, 5 mg/ml) in a 1:1 ratio directly on the stainless
steel target. Ionic content analyses (Ca2+, PO4

3−) of supernatant solutions were done by means
of atomic absorption spectrometry (Perkin Elmer 3110) and atomic spectrophotometry (Milton
Roy, Genesys 5).

Results and Discussion
a) Self-assembly of rH174 and its proteolytic cleavage products in static conditions

Aqueous suspensions of rH174 (0.1 mg/ml) result in the formation of uniform spherical
aggregates with 20 – 30 nm in size on average, as shown in Fig.4a. The stability of these
dispersions was evidenced by the lack of agglomeration and retained spherical shapes of the
particles even after prolonged incubation at the physiological conditions. On the other hand,
rH163 (the recombinant variant of rH174 with its sequence corresponding to the one formed
by cleaving off the C-terminal of the nascent molecule) forms nanospheres of a similar size as
rH174 at pH around 7.4 (Fig.4b). However, when rH174 and rH163 were mixed together,
alignment of these nanospheres into short strings was observed within a relatively short
incubation time (24 h). The strings reached a length of up to 300 nm and were often connected
with another. High resolution imaging revealed that the nanostrings consisted of segments (Fig.
4c), indicating that a coalescence of the primary spheres is responsible for the formation of
these elongated assemblies. The formation of higher order structures of mixtures of the full-
length amelogenin protein with one of its cleavage products indicates the importance of protein
processing for the development of supramolecular structures that might be crucial in the
hypothesized fiber-to-fiber guided growth of apatite crystals in-vivo.

The results of a mass-spectrometric analysis of the enzymatic cleavage of rH174 by MMP-20
are shown in Fig.5. The initial rH174 solution comprises the pure protein, the main peak of
which is detected at 19.8 kDa. The cleavage products appear within the first 10 minutes of
hydrolysis. While a peak at 18.5 kDa corresponding to the Amg fragment lacking 11 amino
acids at its C-terminal (rH163) and a peak at 5 kDa corresponding to the tyrosine-rich Amg
fragment (TRAP) increase in intensity over the hydrolysis time, the peaks attributed to the full-
length protein (rH174) decrease and become barely visible after one hour of the reaction time.
However, there is a higher rate of the proteolytic hydrolysis of Amg molecules observed when
they are bound to an apatite surface comparing to the reaction in solution. Whereas it takes
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more than 30 min for MMP-20 to completely process Amg in the solution, the same process
comes to completion in less than 10 min in the presence of the mineral phase. This observation
adds up to the thesis that the self-assembly of Amg matrix into biologically relevant
morphologies becomes fostered in the presence of the components of the mineral phase.

Morphologies of the peptide aggregates obtained by mixing rH174 and MMP-20 differ from
the ones observed in the absence of MMP-20 (Figs.6–7). Moreover, different incubation pHs
result in different morphologies and aggregation tendencies and rates, signifying that the
described process is pH-sensitive. The proteolytic reaction at mild acidic conditions results in
the morphologies that differ from the typically spherical particles observed at neutral pH
conditions. The formation of ring-shaped aggregates, continuous mesh-like assemblies and
smooth layers, altogether with a wider dispersion of the protein particle sizes indicates an
ostensible influence of MMP-20 on the assembly of Amg nanospheres during their aging under
the given conditions. For example, at pH 5.5, a population of spherical peptide particles
reaching up to two micrometers in diameter was observed as dispersed within a large number
of peptide spheres with 200 – 300 nm in size (Fig.6a). A higher resolution image revealed
multi-scale ripening effects as all particles, irrespective of their size turned out to be composed
of smaller spherical entities, the smallest one of which had 30 – 50 nm in size (Fig.6b). It was
previously reported that Amg fragments that lack the C-terminal have a tendency for the
formation of larger aggregates, including micrometer sized particles, owing to less charged
colloid peptide entities and, henceforth, a decreased repulsion in their electrostatic
interaction16,17.

However, whereas Amg assemblies of comparatively larger sizes and a wider distribution
thereof were observed predominantly at acidic pHs, the suspensions incubated at conditions
close to neutral pH retained an equally narrow particle size distribution throughout the entire
7-day incubation periods. This indicates that stability of the spherical Amg assemblies may be
enhanced at the physiological conditions of pH, temperature and ionic strength. Protein strings
extending up to a micron in length were detected only at pH ~ 7.6 after a week of incubation
(Figs.7b–c). These strings, furthermore, appear as if formed through an alignment and fusion
of the individual nanospheres, the sizes of which do not change with aging.

Another indicator of the MMP-20 activity is a decreased amount of the deposited protein as
the incubation time is prolonged under most of the analyzed pH conditions. This effect is
correlated with the smaller size and a higher solubility of the sum of peptide species formed
following the cleavage of the nascent molecule.

It is important to note that the identified self-assembled morphologies do not necessarily imply
their presence in the relevant biological environment. On the other hand, a consistent formation
of elongated protein assemblies may present an incentive towards revisiting the basic paradigm
used for explaining the interaction between Amg and HAP during amelogenesis, suggesting
that a co-alignment of the protein assemblies and the HAP particles may be the major
mechanism of amelogenesis.

b) Continuous Crystallization Experiments
In order to provide referential experiments for a more reliable insight into the effect MMP-20
has on the self-assembly of rH174 in the presence of the precipitation of HAP, control
experiments that excluded the presence of MMP-20 were carried out. Morphological changes
over a 7-day period in a representative experiment are shown in Fig.8. A gradual transformation
from uniform and isolated 30 to 40 nm sized particles (taking into account the tip broadening
effect, the size of the nanospheres could be estimated as in the range of 20 – 30 nm) to their
gradual merging and subsequent formation of individual fibrils to the eventual formation of a
loose fibrous mesh was observed.
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In the course of a typical continuous crystallization experiment involving the presence of
MMP-20, the morphology of Amg assemblies similarly changes from spherical particles
interconnected so as to form strings to the one of a fibrous mesh (Fig.9). As the same transition
was hardly noticeable in the absence of calcium phosphate titration, it seems as if it becomes
fostered in the presence of the continuous supply of calcium and phosphate ions in the solution.
However, that these fibrous morphologies are primarily peptide-based can be evidenced from
the results of an SEM-EDX analysis, shown in Fig.10.

Although the cleavage of rH174 and its fragments by the action of MMP-20 is expected to take
place practically momentarily, the subsequent interlinking of the resulting protein aggregates
and the formation of a continuous fibrous network occurs gradually over time. Whereas short
strings of amelogenin were observed within 24 hours of the continuous crystallization
experiment in the presence of MMP-20, such elongated entities did not appear until after three
days of the reaction time in the absence of the protease However, the formation of Amg fibers
and meshes was observed in both types of continuous crystallization experiments: the ones that
excluded (Fig.8) and the ones that included MMP-20 (Fig.9).

The results of the analysis of calcium and phosphate ions concentrations in the supernatant
solutions from a set of experiments are displayed in Fig.11. Whereas the ionic concentrations
are apparently subject to variations, it can be noted that, in general, they maintain the values
in close proximity with the initial ones, set forth using the calculations described in the
experimental section. Only minor fluctuations in the ionic concentrations were detected in the
experiment performed in the absence of the protein matrix. Calcium and phosphate
concentrations varied by about 15%. With the addition of 0.4 mg/ml rH174, the calcium and
phosphate concentrations, however, become much more variable, and a similar trend was
observed upon the addition of MMP-20 to the system. All protein-containing solutions showed
a gradual decrease in the free calcium concentration over time. As shown in Fig.11, calcium
continues to drop and reaches values as low as 0.8 mM after six days, which is half of its initial
concentration. In the presence of MMP-20, the reduction of free calcium ions was even more
drastic, reaching as low as 0.4 mM after seven days. The phosphate concentration of the
supernatant showed less variations, but an overall trend of decreasing with time was frequently
observed, although some samples displayed an opposite trend of increased phosphate content
later in the process. This effect is attributed to the dissolution of the glass matrix of the glass-
ceramic composite comprising the substrates18.

Table 1 summarizes the data obtained from continuous crystallization experiments in the
presence and absence of 0.4 mg/ml rH174 and MMP-20. Despite the variations in the ionic
concentrations, the degree of saturation did not exhibit significant fluctuations. Most
importantly, saturation of the reaction solutions was maintained under metastable conditions
in all experiments. Neither was the level of spontaneous crystallization surpassed nor the
solutions undersaturated with respect to HAP indicating apatite dissolution.

Overall, it is a general trend for the ionic concentration to decrease as the proportion of the
peptide species in the system is raised. The detected consumption of calcium ions during the
process may be explained by their complexation with specific Amg side chains (e.g., aspartic
acid). Despite its predominantly hydrophobic nature, Amg belongs to the same group of
proline-rich proteins as most proteins in human parotid and submandibular saliva known for
their ability to bind calcium and thus assist in maintaining the concentration of ionic calcium
in saliva constant19,20. A previous study reported a sequestration of calcium ions by rH174,
resulting in approximately 6 calcium ions bound to a single rH174 molecule21. The fact that
the sequestration effect is even more pronounced in the experiment with the protein matrix
composed of proteolytically processed rH174 may be explained by an increased exposure of
amino acid residues following the proteolytic cleavage. The same study came to the conclusion
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that some of the splice products of the nascent Amg may even have a higher affinity for calcium
ions comparing to the aggregates of rH174. Such is, for example, the case of leucine-rich Amg
peptide whose calcium affinity is measured as 6 times higher comparing to that of the full-
length Amg. Nevertheless, the observed instability of ionic concentrations in the continuous
crystallization experiments provides an additional support for the assumed mineral-assisted
self-assembly of biologically relevant Amg morphologies.

The titration rates were very slow and in the order of 2 – 30 μl per hour for all the experiments.
These rates are comparable to the ones achieved by cells in the course of an active regulation
of ionic concentration (including pH) in the extracellular matrix. In general, the titration rates
became lower when rH174 was present in the system and even further reduced when MMP-20
was additionally introduced. A reduction in the titration rates implied a reduced crystal growth
and nucleation. This observation is in agreement with previous studies that have shown that
Amg due to its predominantly hydrophobic nature does not provide a convenient nucleation-
promoting surface22. Moreover, Amg may be involved in blocking the nucleation sites on the
FAP crystals of the substrate by adhering to their surface. This observation is in contrast to
other studies showing that Amg promotes nucleation of apatite at relatively low protein
concentrations23,24,25. Interestingly, the proteolytic processing of rH174 seems to
additionally inhibit crystallization events, as indicated by the lowest titration rates detected in
the experiments that involved the presence of MMP-20. The proteolytic cleavage of rH174
creates a number of highly hydrophobic molecules which would even more efficiently block
the nucleation sites by adsorption onto the FAP substrates.

After all, there are reasons to expect that not only Amg assemblies conduct the growth of the
mineral phase, but that the constituents of the mineral phase are similarly essential for the
proper assembly of the protein phase26. The results presented hereby provide a support for the
previously hypothesized idea that simultaneous co-assembly of the peptide and mineral phases
takes place in the course of amelogenesis27,28,29,30. Self-assembly of other proteins and
organic molecules has been previously demonstrated as dependent on the supply of calcium
ions31.

As far as the preferential surface nucleation and the consequent epitaxial crystallization are
concerned, no significant differences were observed by comparing the crystal growth over the
apatite crystals of the substrate after or during any of the continuous crystallization experiments
(in the absence of the protein matrix, in the presence of rH174 alone, and in the presence of
both peptide components - rH174 and MMP-20), as shown in Fig.12. However, these
experiments were performed at protein concentrations significantly lower comparing to the
ones in the enamel matrix. Amg concentration in the latter is 200 – 300 mg/ml, which is by
almost three orders of magnitude higher than in our experiments31. As pointed out in a previous
study32, a more significant rate of the crystal growth was noticed only in the presence of rH174
at concentrations that exceeded its solubility limit of approximately 0.8 mg/ml. The formation
of a gel-like matrix, resembling the dense and highly viscous conditions of the enamel matrix,
may be required to induce and guide nucleation and growth of enamel-like apatite crystals.
The future studies aim at exploring the synergy between the protein assembly, the proteolytic
interaction and the crystal growth at notably higher protein concentrations.

Conclusions
The formation of more complex self-assembled morphologies comparing to the standard
nanospheres is facilitated under conditions wherein either: a) rH174 and the first MMP-20
cleavage product (rH163) are present in the suspension; b) proteolytic cleavage by the action
of MMP-20 is coupled with the self-assembly of the protein matrix composed of rH174; or c)
mineral growth takes place simultaneously with the self-assembly of the protein matrix. The

Uskoković et al. Page 7

J Mater Res. Author manuscript; available in PMC 2009 January 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



process of amelogenesis is crucially dependent on the presence of MMP-20, since the
enzymatic hydrolysis will generate protein fragments that accelerate the cooperative self-
assembly of matrix proteins into fibrillar structures that may facilitate anisotropic apatite
growth. A central outcome of this study is the notion that a synergy between protein assembly,
proteolysis and crystallization is required for the mimicry of amelogenesis in-vitro in a cell-
free environment. Bioimitational growth of enamel will likewise depend on the abilities to
control the coordination of these three elements of the process. The experimental setup based
on a feedback-controlled delivery of precipitating ions to the self-assembling protein matrix
could present a convenient starting point for both understanding the mechanism of
amelogenesis at the nano-scale and gaining control over the organic/inorganic interactions of
interest. As such, it may bring forth crucial steps on the way towards the ideal of the biomimetic
synthesis or regeneration of dental enamel in vitro.
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Fig.1.
AFM images of the microstructure of human enamel: Key-hole-shaped enamel rods of about
5 μm diameter run from the dentin-enamel junction to the surface of the tooth (a) and are
comprised of aligned apatite crystals 40 to 60 nm wide and several hundreds of micrometers
long (b).
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Fig.2.
Schematic illustration of the synergy between the three aspects of the process of amelogenesis:
Amg self-assembly, proteolysis and crystallization.
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Fig.3.
Scheme of the “continuous crystallization” experimental setup for a controlled precipitation
of the apatite phase in the presence of protein matrix and MMP-20.
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Fig.4.
AFM images of uniform spheres of rH174 dispersed in water (0.1 mg/ml) at pH 7.4, after the
incubation time of 24 h (a); similarly uniform spheres of rH163 obtained at pH 7.4 and after
an equal incubation time (b); and nanostrings formed in aqueous mixtures of rH174 and rH163
at pH 7.4 in 1:1 weight ratio (c).
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Fig.5.
MALDI-TOF mass spectrograms illustrating the time-course of the proteolytic reaction
between MMP-20 and rH174 nanospheres dispersed in water at pH 7.5 (left) and when rH174
was bound to a carbonated HAP surface (right).
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Fig.6.
Amg assemblies formed 27 h after the initiation of the hydrolysis of rH174 by the action of
MMP-20 at pH = 5.5. Note that the aggregation of smaller spherical subunits leads to the
formation of larger spheres with the consequent broadening of the aggregate size distribution.
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Fig.7.
Amg assemblies formed in the static proteolytic experiment at pH 7.6, sampled out after 1h
(a) and 7 days (b, c) of the incubation time. Note the narrow size distribution and discrete nature
of the particles formed after the short aging time (a), and the co-existence of similarly discrete
particles and protein strings obtained after the prolonged aging (b, c).
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Fig.8.
AFM micrographs of Amg assemblies from a continuous crystallization experiment without
the presence of MMP-20, obtained after 15 min (a), 18 h (b), 3 days (c), and 7 days (d) of the
reaction time.
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Fig.9.
AFM micrographs of Amg assemblies from a continuous crystallization experiment involving
the presence of MMP-20, obtained after 1 (a), 6 (b), and 7 days (c) of the reaction time.
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Fig.10.
SEM micrograph of self-assembled rH174 (left) with the EDX elemental analysis of the surface
(right), showing the presence of silica, sodium, aluminum and carbon, but the lack of calcium
and phosphate.
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Fig.11.
Concentrations of calcium and phosphate ions in the supernatant solutions after different
reaction times of a continuous crystallization experiment with and without the presence of
rH174 and MMP-20.
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Fig.12.
A polished nucleation substrate composed of preferentially oriented FAP crystals interspersed
in a silica matrix, with (001) apatite surfaces lying a few nanometers below the level of the
matrix in the initial conditions (a). The FAP substrate after 120 h of remaining in the solution
without the protein matrix in the course of a continuous crystallization titration (b), after 145
h of continuous crystallization with the protein matrix composed of 0.4 mg/ml rH174 (c), and
after 160 h of continuous crystallization with the protein matrix composed of rH174 and
MMP-20. In all cases the mineral grew up to about 20 nm above the level of the surrounding
silica glass (d). Notice the protein spheres and fibers interspersed around the crystals grown in
MMP-20-free (c) and MMP-20-comprising (d) Amg solutions, respectively, comparing to the
flat silica surfaces of the samples (a) and (b).
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