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Abstract
Amelogenin is cleaved by enamelysin (Mmp-20) soon after its secretion, and the cleavage
products accumulate in specific locations during enamel formation, suggesting that parent
amelogenin proteolysis is necessary for activating its functions. To investigate the precise roles of
Mmp-20 and its influence on the assembly of amelogenin, an in vitro enzymatic digestion process
mimicking the initial stages of amelogenin proteolysis was investigated at near-physiological
conditions using recombinant porcine amelogenin (rP172) and enamelysin. Hierarchically
organized nanorod structures formed during different digestion stages were detected by TEM. At
the earliest stage, uniformly dispersed parent amelogenin spherical particles, mixed with some
darker stained smaller spheres, and accompanying elongated chain-like nanostructures were
observed. Cylindrical nanorods, which appeared to be the result of tight assembly of thin subunit
cylindrical discs with thicknesses ranging from ~2.5 nm to ~6.0 nm, were formed after an hour of
proteolysis. These subunit building blocks stacked to form nanorods with maximum length of
~100 nm. With the production of more cleavage products, additional morphologies spontaneously
evolved from the cylindrical nanorods. Larger ball-like aggregates ultimately formed at the end of
proteolysis. The uniform spherical particles, nanorods, morphological patterns evolved from
nanorods, and globular aggregated microstructures were successively formed by means of co-
assembly of amelogenin and its cleavage products during a comparatively slow proteolysis
process. We propose that, following the C-terminal cleavage of amelogenin, co-assembly with its
fragments leads to formation of nanorod structures whose properties eventually dictate the super-
structural organization of enamel matrix, controlling the elongated growth of enamel apatite
crystals.
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1. INTRODUCTION
Amelogenesis is one of the most dynamic mineralization processes known, producing the
hardest tissue found among vertebrates in which the extracellular matrix proteins are
involved in construction, regulation, and control of hydroxyapatite crystals causing them to
grow and elongate in parallel (Eastoe 1979). The final product is a tissue that is more than
95% mineral by weight with an extraordinary super-structural organization (Robinson et al.
1995, Boyde 1989). The complementary crystal maturation and protein degradation that
leads to mature enamel involve specific protein-protein, protein-proteinase, and protein-
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crystal interactions (Smith 1989, Moradian-Oldak and Paine 2008). Three major enamel
matrix proteins (amelogenin, ameloblastin, and enamelin) are cleaved by proteinases after
they are secreted, and their cleavage products accumulate in specific and deep enamel
layers, suggesting that protein proteolysis is necessary for these enamel proteins to perform
their functions (Bartlett and Simmer 1999). Two major enzymes have been described that
carry out these processes and degrade the enamel proteins. The matrix metalloproteinase
enamelysin (Mmp-20) is the foremost enamel matrix-processing enzyme, being expressed
initially prior to the onset of dentin mineralization and continuing throughout the secretory
stage of amelogenesis and into early maturation (Simmer and Hu 2002). Expression of the
serine proteinase Kallikrein-4 (KLK4) starts during the transition stage and continues
throughout maturation. Defects in MMP-20 cause autosomal-recessive amelogenesis
imperfecta in humans (Ozdemir et al 2005). The critical function of Mmp-20 is further
evidenced by the loss of prism structure and failure to achieve the full thickness of the
enamel in Mmp20-null mice (Caterina et al 2002). Generally, KLK4 protease plays a crucial
role in matrix-mediated enamel biomineralization by processing and eventually removing
the protein matrix in a specific and timely manner (Simmer et al 2009). In contrast, Mmp20
activity is thought to involve production of specific intermediate fragments of extracellular
matrix proteins. One proposed function of Mmp20 is control of the protein self-assembly
process to allow the programmed elongated growth of apatite crystals in a hierarchical
organization (Sun et al 2005, Bartlett & Simmer 1999)

The importance of amelogenin in controlling mineral phase, elongation of crystal growth,
and prism organization of enamel has been recognized. There is general agreement that
amelogenin plays a critical role in crystallization of hydroxyapatite, especially in the initial
nucleation and protection of amorphous calcium phosphate in vitro (Beniash et al 2005,
Weidmann-Bidlack et al 2011, Yang et al 2010). Amelogenin nanospheres can be formed
under neutral and slightly alkaline pH conditions and they further assemble to form high
aspect ratio nano-structures in solution under a variety of in vitro conditions (Du et al 2005,
Moradian-Oldak et al 2006, Wiedemann-Bidlack et al 2007). An interesting transition from
nanospheres to fibrous amelogenin (25kDa rH174) assemblies was facilitated under
conditions that involved interaction between rH174 and its proteolytic cleavage products
(rH163) ( Uskoković et al 2008). It was reported that when both amelogenin cleavage
products 25-kDa rH174 and 23-kDa rH163 were mixed, self-assembled nano-strings were
formed depending on the pH, and incubation time (He et al 2008). Another group has
recently reported that full length porcine amelogenin molecules (rP172) formed tightly
connected, elongated, high-aspect ratio assemblies, while amelogenin cleavage products
(rP147) appeared as loosely associated spherical particles (Weidmann-Bidlack et al 2007).
Additional clues to amelogenin function have been revealed by examination of the protein’s
primary and secondary structures. Sequence alignment has revealed that several residues at
the N- and C-terminal regions have remained unchanged during 250 million years,
indicating their importance for amelogenin function (Sire et al 2005). The main hydrophobic
part of amelogenin is rich in proline residues (~30%) that are believed to inhibit the
formation of ordered secondary structures such as beta-sheet and alpha-helix
(Lakshminarayanan et al 2007). It has been reported that this central PXXP rich region
tended to adopt a conformation known as a polyproline II helix. The evolutionary
importance of the length of the PPII motif and its association to enamel structure has been
also recently reported (Jin et al 2009). Despite these clues, the biological mechanisms by
which amelogenins assemble into hierarchically organized microstructures that further build
the rods and inter-rods of the enamel matrix structure in vivo remain unclear. Furthermore,
the significance of the specific cleavage of amelogenin by enamelysin in the context of
enamel formation is still not fully understood.
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Previous studies have suggested that proteinases are necessary for “activating” enamel
proteins so that the parent proteins and their cleavage products may perform different
functions (Bartlett and Simmer 1999). In an attempt to identify and characterize the
molecular mechanism of porcine amelogenin proteolysis by porcine enamelysin,
investigators have applied both in vitro and in vivo approaches. The dominant porcine
amelogenin (P173; Met1-Asp173) has 173 amino acids and an apparent molecular weight of
25 kDa. In developing teeth, Mmp-20 has been shown to have significant proteolytic activity
in the enamel extracellular space during the secretory stage (Smith et al 2011). Mmp-20
processes the full-length amelogenin into a group of cleavage products that accumulate and
are only slowly degraded further. Most of the secreted P173 is cleaved after Ser148 to
generate the 20-kDa amelogenin (P148; Met1-Ser148), which in turn is cleaved after Trp45 to
yield the tyrosine-rich amelogenin polypeptide (TRAP; P45; Met1-Trp45) and the 13-kDa
amelogenin (Leu46-Ser148) (Nagano et al 2009). Recombinant porcine amelogenin (rP172)
and recombinant porcine enamelysin (rpMmp-20) have been studied in in vitro experiments
showing that the rP172 is processed at the C- and N-terminal regions, after Pro162, Ser148,
His62, Ala63, and Trp45 (Sun et al 2010, Nagano et al 2009). While Mmp-20 cleavage sites
on amelogenin have been carefully investigated, these in vitro studies have not focused on
the dynamics of assembly events of parent amelogenins during enamelysin digestion and
knowledge on the mechanisms by which their truncated products might co-assemble and
direct the morphologies of such assemblies is currentely limited (He et al 2008, Uskoković
et al 2008).

In the study reported herein, we monitored and investigated the amelogenin assembly
process during proteolysis in a relatively slow proteolytic reaction conducted at near
physiological pH and temperature, using a recombinant porcine amelogenin rP172 as a
substrate and a recombinant porcine enamelysin (rpMmp-20) as a proteinase. This is the first
time that the progress of amelogenin assembly alternation following its hydrolysis by
Mmp-20 is reported and an association with the changes in the ratio of full-length
amelogenin to its proteolytic products is made. The progress of proteolysis was monitored
by SDS-PAGE and self-assembly was analyzed by high-resolution transmission electron
microscopy (HRTEM). Fine nanorod-like assembled structures with known substrate to
cleavage product ratios were successfully produced following increased cleavage of proteins
during the early proteolysis stages. In addition, different patterns that evolved from the
nanorods were detected at later digestion stages, providing supplemental evidence for the
multistep co-assembly process and a possible pathway to hierarchical enamel matrix
structure formation in vivo.

2. MATERIALS AND METHODS
2.1. Expression and Purification of Recombinant Amelogenins and rpMmp-20

Full-length recombinant pig amelogenin (rP172) and an engineered mutant form lacking the
hydrophilic C-terminal 24 amino acids (rP148) were expressed in e-coli and purified as
previously described (Ryu et al 1999, Sun et al 2006). The rP172 and rP148 forms have
amino acids 2-172 and 2-149 of porcine amelogenin (P173) respectively (Yamakoshi et al
1994, Sun et al 2006). Briefly, rP172 and rP148 were purified by ammonium sulfate
precipitation and reverse phase high performance liquid chromatography (RP-HPLC), using
buffer A (0.1% trifluoroacetic acid: TFA) and buffer B (buffer A +60% acetonitrile). The
homogeneity of the proteins was verified by analytical chromatography (C4 analytical
column, Jupiter, 5 μm, 2 mm x 250 mm). The protein solutions were lyophilized and stored
at −20°C. The recombinant enamelysin plasmid (provided by Dr. James P. Simmer) was
transformed into competent E. coli XL1-Blue cells (Stratagene, La Jolla, CA, USA).
Recombinant pig enamelysin (rpMmp-20) was expressed in 500ml media from the cells and
purified following the protocol described previously (Ryu et al 1999, Moradian-Oldak et al
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2001). 2001). A His-TRAP chelating nickel affinity column (Pharmacia, Piscataway,
NJ,USA) with a three buffer system (Loading buffer A: 6M Guanidine-HCl, 0.01M Tris-
HCl, 0.1M NaH2PO4, pH=8.0, binding buffer B: 8M urea, 0.1M NaH2PO4 and 0.01 M Tris-
HCl, pH=8.0 and eluting buffer C: 8M urea, 0.1 M NaH2PO4, 0.01M Tris-HCl, 0.25M
imidazole, pH= 6.3) was used to isolate the recombinant protein from E-coli products. The
enamelysin fraction was desalted against desalting buffer (50mM Tris-HCl. pH 7.4, 150mM
NaCl, 0.05% Brij35) using a Centriprep-10 spun filter. Recombinant enamelysin was self-
activated by its incubation in APMA (4-aminophenylmercuric acetate) in 10 mM CaCl2 for
24 hrs. Enzyme concentration was quantified by UV adsorption at 220 nm.

2.2. rP172 Proteolysis by rpMmp-20
Proteolysis experiments were repeated three times (N=3). Recombinant porcine amelogenin
rP172 was dissolved in 25mM Tris-HCl (pH 8.0) to a final rP172 concentration of 0.2mg/
ml, and incubated with rpMmp-20 solution at 37°C with a substrate to enzyme ratio of 200:1
(w:w), N=3. The proteolysis mixtures were incubated without shaking or stirring. The final
concentration of calcium in the proteolysis mixture was 50μm. The proteolysis products
were collected and analyzed at time points 0.1, 1, 2, 4, 10 and 20 hours as described
previously (Sun et al 2010) . The undigested rP172 and digested samples were loaded onto a
sodium dodecyl sulfate (SDS)-containing 12% acrylamide gel (Bio-Red, 161-0325),
electrophoresed at 125V, and stained with Coomassie Brilliant Blue R 250. To monitor the
proteolysis process and quantify each band on the SDS-Gel, peptide/protein band densities
were analyzed by Image J 1.43 software. Cleavage sites were analyzed by Tandem Mass
Spectrometry (LCMSMS).

2.3. Transmission Electron Microscopy (TEM)
Following proteolytic incubation in Tris-HCl buffer at 37 °C, 300 mesh carbon-coated grids
were submerged in 30 μl samples of the proteolysis solution for 0.5 minute, followed by a
0.5 minute immersion in 1% uranyl acetate stain, and air dried. The sample grids were
examined under the Jeol 1400 TEM with voltage of 100 kV. The diameters of particles
(nanorods) were analyzed and measured with ImageJ software. In control experiments, pure
rP172, pure engineered rP148, and mixtures of the two at ratios of 3:1, 1:1, or 1:3 were
dissolved in 25mM Tris-HCl (pH 8.0) and incubated at 37 °C. Progress of the proteolytic
process was monitored by the same TEM technique described above.

3. RESULTS
3.1. Amelogenin Assembly Evolution Captured by TEM

The TEM observations revealed that, in addition to the suspension of spherical particles
formed at pH 8 (Fig. 1A, white arrow), full-length amelogenin rP172 occasionally
assembled into chain-like structures (inset of Fig. 1A). The average particle size was
estimated to be ~19 nm diameter (Table 1). At pH 8, the formation of chain-like structures
was favored at 37 °C when compared to room temperature. Under near physiological pH
condition (pH 8.0), the truncated rP148 formed spherical particles with a tendency to
randomly aggregate to form bigger particles due to the protein’s hydrophobic nature (inset,
Fig. 1B), and there was limited tendency to form chain-like structures (Fig. 1B). Note that
the chains in A inset are made of more fused particles and have higher aspect ratio as
isolated entities, while in B inset the subunits are more separated and isolated chains with
high aspect ratios were not observed.

Following the addition of rpMmp-20 to amelogenin rP172 solutions in Tris-HCl (pH 8.0, 37
°C), striking intermediate nanoscale structures started to appear as observed by HRTEM
(Fig. 2A-2F). Within approximately ten minutes of digestion, uniform and dispersed
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spherical particles were observed (Fig. 2A), accompanied by some chain-like nanostructures
(Fig. 2A and the inset). Clearly, some particles were surrounded by dense stain (black arrow
figure 2A) while some were surrounded by lighter stain (white arrow, Fig. 2A). After one
hour of digestion, the uniform and dispersed spherical particles were observed with some
longer chain-like nanostructures (Fig. 2B and inset). These chain-like structures were tightly
associated (inset of Fig. 2A and 2B), and their building blocks had clear spherical shape.
These spherical particles had an average diameter of ~14 nm and were clearly smaller than
the dispersed rP172 particles (shown in Fig 1) of ~19 nm diameter (Table 1). Interestingly,
about two hours after digestion, nanorods with an average aspect ratio of ~5:1 were formed
(white arrows on and inset of Fig. 2C). These high aspect ratio structures had an average
diameter of ~11nm, ranging from a minimum of ~6 nm to maximum of ~14 nm. At the same
time (2 hours), different morphological patterns that apparently evolved from the nanorods
appeared on the grid (black arrows, and inset of Fig. 2C). Remarkably, after four hours
digestion, with the production of more hydrophobic products (i.e. 2-148), nanorods evolved
into a variety of different morphologies such as donuts and U-shaped structures (black
arrows, Fig.2D). The variety of morphologies detected at about four hours included longer
nanorods with high aspect ratio (~10:1, perimeter of the ring to diameter of the nanorod) and
the nanorods had an average diameter of ~11nm (Table 1). After 10 hours of digestion, new,
tightly-aggregated globular structures of about 100 nm in diameter were observed (white
arrows, Fig. 2E), and these microstructures grew bigger as digestion continued until they
were the dominant particles after 20 hours of proteolysis, by which time the nanorods were
completely consumed. The large aggregates were composed of tightly packed chains that
had an average diameter of ~10 nm and appeared to be formed as the result of numerous
particles aggregating together (Fig. 2F and Table 1).

We followed the assembly of nanorods formed between one and two hours of proteolysis
and further analyzed the formation of cylindrical-shaped nanorods derived from them.
Cylindrical-shaped nanorods (1–5 in Fig. 3) appeared to be the result of tight assembly of
thin cylindrical discs (white arrows, Fig. 3). The depth of these subunit layers was estimated
from the side view to be ~2.5nm to ~6.0 nm (see 1–5 in Fig. 3). These subunit layers were
the basic building blocks which were closely stacked to form longer nanorods of 100nm
length. At the same time, these assembled nanorods could further evolve into different
morphologies (6–10 in Fig. 3). The average diameter of these nanorods was about 11nm,
with a wide range of diameter from a minimum of ~6nm to a maximum of ~14nm.

To examine the effect of incubation time and amelogenin composition on the formation of
nanorods, we monitored the assemblies formed by the mixtures of the full-length
amelogenin rP172 and its truncated isoform rp148, combined in certain ratios of
rP172:rP148 (0:1 3:1, 1:1, 1:3, 1:0), in 25mM Tris-HCl (pH 8.0), at 37 °C. The TEM
observations revealed that, in addition to the suspension of spherical particles formed at pH
8 (Fig. S1: A, D, G, and insets), full-length amelogenin rP172 occasionally assembled into
chain-like structures that were favored at 37 °C, and with increasing incubation time (insets
of Fig. S1: D, G). The truncated rP148 formed spherical particles with a tendency to
randomly aggregate to form bigger particles due to the protein’s hydrophobic nature. The
aggregates increased depending on the length of incubation time (Fig.S1 B, E, H, and
insets). Representative TEM images of the rp172 and rP148 mixture with 1:1 ratio incubated
at 1, 10, and 20 hrs are shown in Fig. S1 C, F, I. This 1:1 ratio is similar to the composition
of the proteolytic products after 1-2 hours proteolysis, when nanorods start to form. None of
the nanorods structures detected during the proteolysis experiments or other morphologies
evolved from them (i.e. Fig’s. 2B-F and Fig. 3) were observed in these control experiments.
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3.2. Progress of Amelogenin Proteolysis by SDS-PAGE
The time course of proteolysis of rP172 was analyzed by SDS-PAGE gels stained with
Coomassie Brilliant Blue (Fig. 4A). The proteolysis products were characterized by mass
spectroscopy and their percentages were determined based on mass density analysis (Fig.
4B). Based on the full-length porcine amelogenin rP172 (designated as I, amino acids
2-173), the proteolytic products were designated as: II, 2-162; III, 2-148; IV, 46-148 (13k);
V, 64-148 (11k), VI, 2-63 (extended TRAP); VII, 2-45 (TRAP). According to the
quantitative analysis, about 5% of rP172 was digested within the first 10 min, about 50% of
rP172 was digested after 2 hours, and the substrate rP172 was fully cleaved by rpMmp-20
after 20 hours. The 2-148 segment (an analogue to the 20kDa), the main proteolysis product,
appeared immediately and was stable against further cleavage by rpMmp-20 even after 20
hours (Fig. 4 and Table 1). Like the 2-148 segment, the segment of 2-162 was an important
cleavage product which appeared throughout the proteolysis and reached a stable level after
4 hours. Other products, 13k (46-148), 11k (64-148), extended TRAP (2-63 segment), and
TRAP (2-45) became detectable after 4 hours, with a slow increase in their amounts during
the progress of digestion. The rP172 to 2-148(2-162) ratios were estimated to be
approximately 2:1, 1:1, 1:3, and 1:15 at 1, 2, 4, 10 hours respectively (Table 1).

4. DISCUSSION
To provide further insight into the proposed mechanism of enamelysin function in
controlling the assembly of amelogenin, we investigated detailed morphological changes in
amelogenin assemblies formed during proteolysis of rP172 by Mmp-20 at near-
physiological conditions (pH 8.0, 37.0 °C). Because of difficulties associated with
amelogenin solubility and aggregation at pH 7.4, we focused our detailed morphological
studies on the experiments conducted at pH 8. We selected conditions under which nano-
chain formation by the full-length amelogenin is minimized (i.e. pH 8) and therefore
changes in assembly following proteolysis can be followed in more details. We clearly
demonstrated that co-assembly between amelogenin and its proteolytic products during a
comparatively slow proteolysis process leads to the formation of nanorods and other
morphological patterns evolved from them. It has also been reported that full-length human
amelogenin and one of its cleavage products have cooperative self-assembly capabilities if
incubated for long periods of time (He et al 2008, Uskoković 2008).

The morphologies that were formed by the rP172 substrate in control experiments, without
the presence of rpMmp-20, are schematically presented in Fig. 5 and include: spherical
particles of 19 nm diameter (Fig. 5A1) that have isotropically distributed hydrophilic
sequence residues on their surfaces and appear as uniformly distributed particles in solution;
and ellipsoidal non-isotropic nano-particles (Fig. 5A2) that depending on the incubation
time further assemble into chains-like arrays, with defined directionality. Note that the 19
nm diameter particles (9.5 radius) are not the nanosphres originally described (Moradian-
Oldak et al 2002, Moradian-Oldak 2007) but oligomeric particles that resulted from the
disassembly or re-arrangement of the nanospheres on TEM grids (Bromley et al, in
revision). Using in situ atomic force microscopy we recently reported that, although
amelogenin exists primarily as ~26 nm in diameter nanospheres in bulk solution at pH 8.0, it
behaves dramatically differently upon interacting with charged substrates and with TEM
grids (Chen et al, submitted). Our results were further consistent with previous findings that
indicated amelogenin-surface interactions could promote disassembly of nanospheres
(Tarasevicth et al 2009).
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4.1. Nanostructures detected at different stages of proteolysis
For clarity, we have divided the in vitro rP172 proteolysis by rpMmp-20 involving
amelogenins co-assembly into four distinct stages. These stages are based on the dynamic of
proteolysis and development of different morphologies of amelogenin assemblies
throughout the time-course of proteolysis. Stage 1 corresponds to the period when less than
50% mass of rP172 substrate has been digested by (the first 5-10 minutes). Stage 2
represents the time when the mass ratio of rP172 to 2-148+2-162 products is about equal
(the period between 1–2 hrs). Stage 3 corresponds to the period when more than 50% of
rp172 mass has been cleaved by (the period between 2–4 hrs). Stage 4 represents the
condition when all of the rP172 substrate has been digested by (beginning at 20 hours). The
distinct morphologies resulting from the co-assembly of amelogenin with its proteolytic
products during each stage are schematically presented in Fig. 5(C-F).

We propose the following mechanism of co-assembly during proteolysis: At stage 1, the
relative low quantity of the hydrophobic cleavage products (2-148 and/or 2-162) are
associated with the “amphiphathic” parent rP172 that covers the particle surface (Fig. 5C).
These relatively small spherical particles with isotropic distribution of C-termini on their
surface lead to the formation of uniform spherical particles. Once some spherical subunits
with nonisotropic distribution of C-termini on their surface are formed however, the
hydrophobic cores are exposed, giving them a high tendency to interact with other particles.
This, in turn, leads to elongated assembly in a specific direction, causing formation of
closely packed, elongated, chain-like nanostructures (Fig. 5C). At stage 2, as the quantity of
the hydrophobic cleavage products (2-148+2-162) reaches that of the full-length rp172 (1:1
ratio), cylindrical-shaped nanorods with uniform hydrophilic tails exposed on the outer
cylinder surfaces are formed. The hydrophobic cross section at the ends of these cylinder-
shaped particles has a tendency to grow into elongated nanorods (Fig. 5D). In stage 3, as the
quantity of nanorods increases, they curve into different morphologies such as “donuts” or
“U-shapes”, which are believed to be developed from the growing nanorods. These
organized morphologies occupy the entire solution (Fig. 5E) after the nanorods growth is
completed. In stage 4, at the end of digestion, when almost all of the parent rp172 is digested
by rpMmp-20, the assemblies completely lose their surface layer of C-termini. Without this
protection from further aggregation, they will closely cluster into bigger aggregated
microstructures. As 50% of the mass of the full-length rp172 is digested by , the cylindrical-
shaped nanorods start to form by close stacking of subunit building blocks (cylindrical discs)
(Fig, 3).

We hypothesize that the uniform layer of hydrophilic tails located on the outer surface of the
cylindrical particle causes repulsion with other neighboring cylinders, protecting them from
further lateral aggregation. On the other hand, the cross section at the ends of the nanorods,
which have no hydrophilic tails to protect them, will cause nanorod elongation through
hydrophobic interactions. As the C-termini are gradually and progressively cleaved by
rpMmp-20, surface tension leads to the curvature of the nanorods to form particles with
donut-shaped, U-shaped or other curved morphologies (Fig. 5E). Evidently, the tailored
distribution of hydrophilic C-termini on the nanorod surfaces results in unprecedented
control over the surface properties and morphology of the assembled particles. It has been
reported that assembling of amphiphilic polymers, or designed peptides, by coupling of
tailored hydrophilic and hydrophobic branched segments, has resulted in a rich palette of
morphologies (Percec et al 2010, Hartgernick et al 2001, Ballister et al 2008). We therefore
suggest that nanorod co-assembly of rp172 and 2-148(2-162) is a function of hydrophobic
and hydrophilic chemical properties and depends on the precise distribution of the C-
termimi (or N-termini) within the assemblies.
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4.3 Nanorod formation depends on gradual proteolysis of full-length amelogenin by
Mmp-20

Under our experimental pH and temperature conditions, combination of the substrate rP172
and its major proteolytic product rP148 incubated for one hour did not result in the
formation of nanorod structures similar to those captured during proteolysis after the same
time period (Fig. S1). Our findings lead us to propose that two or more full-length
amelogenin molecules self-assemble into one subunit (dimer or oligomer) that cannot tightly
assemble into rod-like nano-structures and higher level nanorod architectures unless
combined with the truncated cleavage products that formed the subunits. At least in our in
vitro experiments, it is clear that this assembly process is a dynamic event that depends upon
the action of protease Mmp-20. Although, the exact structure of the assembled subunits is
not known, it is clear that the driving factor for the dynamic assembly process that directs
the rod-like microstructure formation is the gradual truncation of full -length amelogenin by
rpMmp-20. The truncated hydrophobic products play a critical role in nanorods formation,
although whether it is due to participation of the hydrophilic cleavaged C-termimi and
extended TRAP, and TRAP peptides, or whether the cleavage of 2-162 makes a specific
contribution to the ordered nanorod formation, remains unclear.

4.4. The biological significance of nanorod formation
While the composition of amelogenin proteolytic products described in stages 1–4 is
considered to be relevant to in vivo composition (Yamakoshi et al 1994, Wen et al 1999),
the morphologies developed in E and F do not have in vivo relevance, presumably because
of the presence of apatite crystals or other potential amelogenin targets that might prevent
the aggregation observed in our in vitro system. Our findings provide new insights into the
mechanisms of amelogenin assembly with its proteolytic products. We propose that
cylinderical nanorods formed by the co-linear arrangement of full-length amelogenins
assembling with their hydrophobic cleavage products (Fig 5D, stage two), represent the
elementary building blocks controlling the growth of enamel crystals. It is noteworthy that
the scale, and spatial organization of these nanorods are similar to the enamel crystals
formed at the early stage of enamel formation in vivo, indicating that the mineral
morphology and organization of enamel formation are determined by the “rodlike” assembly
of amelogenin molecules through association of their hydrophobic parts. The presence of
periodic “filamentous” structures in developing enamel and the relationship of such
structures to the c-axial elongated apatite crystals was reported in the early sixties.
Rönnholm used decalcified embryonic human enamel to demonstrated the presence of low
contrast organic matrix structural patterns he termed “septa” (Ronholm 1962). The 80 Å
thick septa, which originated from the “stippled material” (Watson, 1959) were parallel to
the row of crystallites. Rönnholm proposed that the crystallites were formed on the two
broad surfaces of the longitudinal septa. Travis and Glimcher prepared electron microscopic
images of longitudinal tissue sections from developing embryonic bovine enamel to analyze
the intra-prismatic organic matrix after staining with uranyl acetate and partial
decalcification (Travis and Glimcher 1964). They reported many short, swollen, fragmented
filaments described as “dense lines approximately 48 Å wide” that were parallel to each
other, with their long axes parallel to the enamel prisms, and were “separated by
approximately 120 Å”

Amelogenin nanospheres were proposed to be the basic building blocks of developing
enamel (Moradian-Oldak 2007, Fincham et al 1995). The finding of the present study
together with our most recent studies on amelogenin oligomeric particles (Bromley et al, in
revision), and recent reports on amelogenin-substrate interactions (Chen et al, submitted,
Tarasevich et al 2009) , all support the notion that nanospheres are composed of oligomeric
subunits particles and disintegrate as soon as they are degraded or interact with surfaces. It is
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therefore reasonable to argue that nanospheres are transient structures during enamel
development. We suggest that the gradual digestion of full-length amelogenin by Mmp-20 in
vivo is a critical prerequisite for controlling the continuous alteration of enamel matrix
microstructures to allow elongated growth of enamel crystals. The dynamic co-assembly
process can prevent uncontrolled random aggregation of the hydrophobic parts that may lead
to disorganized crystal growth. On the other hand, full-length amelogenin, with its
hydrophilic tails, will lead to loose contact between the subunits. Based on our proteolysis
results, we hypothesize that, in vivo, the rod-like enamel matrix structures are composed of
cylinder-shaped subunits formed by co-assembly of the hydrophobic parts to form a core,
exposing the C-termini through which the nanorods will interact with other contiguous
cylinder blocks.

5. CONCLUSIONS
The in vitro experimental data presented here provides evidence that, in addition to spherical
particles, full-length amelogenin tends to form an anisometric-shaped assembly under a
wide range of conditions. This anisometric shape was a key factor for the formation of pearl-
like chains, which were favored under physiological temperature conditions. We have
confirmed the crucial roles of C-termini, both in assembled subunit formation and in
nanorods formation. Furthermore, the present study emphasizes the dynamics of co-
assembly that occurs between the full-length rp172 and its cleavage products during
proteolysis by rpMmp-20. It is difficult to relate all aspects of our in vitro results to the
ultra-structure of enamel extracellular matrix because of differences between the solution
conditions used in our proteolysis system and those in the physiological microenvironment
within the enamel extracellular matrix. However, our present study takes a further step
towards an in-depth understanding of how protease activity during the earliest secretory
stages can lead to the assembly of amelogenin into rod-like microstructures.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Typical morphologies of assemblies formed from pure recombinant rP172 and rP148 at
pH8.0, in Tris-HCl buffer, at 37 °C. (A) representative uniformly dispersed spherical
particles of rP172 (white arrow). Inset shows a typical elongated pearl-like assembly,
consisting of assembly particles with ellipsoidal shape. (B) Representative distribution of
rP148 spherical particles with some randomly associated aggregates (white arrow), and a
small amount of larger aggregates (black arrow), Inset shows the distribution of typical
rP148 spherical particles associated to form random morphologies and sizes.
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Figure 2.
Representative TEM images of amelogenin microstructures resulting from co-assembly of
rP172 and its proteolytic products during proteolysis in Tris-Cl buffer, pH 8.0, at 37 °C,
collected at 0.1 hr (A), 1 hr (B), 2 hrs (C), 4 hrs (D), 10 hrs (E) and 20 hrs (F). (A) The
lightly stained rP172 particles (white arrow) are connected with some deeply stained
spherical particles (black arrow), forming a beaded-like structure, the inset presenting
magnification of typical chains; (B) At 1 hour proteolysis, some tightly associated and
elongated chain-like microstructures (inset) are formed within the uniform suspension of
spherical particles (black arrows); (C) After 2 hours proteolysis, cylindrical-shaped nanorods
(white arrows) formed and some of nanorods curved into O-like or U-shaped
microstructures (black arrows). Inset shows typical images of nanorods and their curled
microstructures at higher magnification; (D) After 4 hours proteolysis, different
morphologies composed of nanorods were formed (black arrows); (E) After 10 hours
proteolysis, a new mixture of compact aggregates (white arrows) were detected among the
remaining rod-like structures (black arrows). Inset presents a typical morphology at higher
magnification; (F) After 20 hours of proteolysis, the tightly compact ball-like aggregates
grew larger, concomitant with disappearance of rod-like morphologies. Inset presents a
typical morphology at higher magnification. The analyses of all the particles sizes are
described in the Table 1.
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Figure 3.
Representative nanorod morphologies and sketch of a nanorod structure formed during the
first two hours of proteolysis: (1–5) illustrate nanorod growth following accretion of
additional subunits; (6–10) illustrate typical morphologies resulting from nanorod evolution
patterns, with “⌉”, “□”, “U”, “C” and “O” shapes ( scale bar = 50nm).
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Figure 4.
Time-course of proteolysis and quantitative analysis of protein cleavage products formed
during digestion of rP172 by rpMmp-20. (A) Based on the full-length porcine amelogenin,
proteolytic products were designated: I, 2-173 (rP172); II, 2-162; III, 2-148; IV, 46-148
(13k); V, 64-148 (11k), VI, 2-63 (extended TRAP); VII, 2-45 (TRAP); (B) The quantity of
proteolytic products corresponding to the stained bands in A is plotted against the
proteolytic time in hours as analyzed by Image J.
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Figure 5.
Proposed mechanism for the assembly of amelogenin hierarchically associated
microstructures, formed from co-assembly of rP172 with its cleavage products during in
vitro digestion by rpMmp-20. (A) and (B) represent the assembly tendencies of pure rP172
and rP148, respectively, in solution; (C-F) Represent the rP172 co-assembly with its
digestion products during the four stages of proteolysis in vitro by rpMmp-20, resulting in
the formation of hierarchically associated microstructures. The detailed analysis is described
in the text. The scale is arbitrary and does not represent the actual ratios of the morphologies
evolved.
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