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Abstract
Amelogenin is the major secretory product of ameloblasts and is critical for proper tooth enamel
formation. Amelogenin isoforms and their cleavage products comprise over 80% of total secretory
stage enamel protein. We have isolated and characterized four secreted amelogenin isoforms from
developing porcine enamel : P190 (27-kDa), P173 (25-kDa), P132 (18-kDa) and P56 (6.5-kDa ;
leucine rich amelogenin polypeptide or LRAP). P190 and P132 are low abundance amelogenins
that contain a novel exon 4-encoded segment of lack the exon 3-encoded segment, respectively.
P173 is the most abundant (major) amelogenin isoform. Cleavage of P173 by matrix
metalloproteinase 20 (Mmp20) occurs at specific sites that generates a set of N-terminal cleavage
products : P162 (23-kDa), P148 (20-kDa), P62/P63 (11-kDa), and Trp45 (6-kDa, tyrosine rich
amelogenin polypeptide or TRAP). P148 is the most abundant protein in developing enamel and
influences the conversion of amorphous calcium phosphate into hydroxyapatite in vitro. Mmp20
cleaves LRAP, the second abundant amelogenin isoform after Pro45 and Pro40. Processing by
Mmp20 allows amelogenin cleavage products to serve separate functions. Over time, Mmp20
catalyzes additional cleavages that facilitate the progressive replacement of amelogenin by
mineral, so enamel crystals thicken and widen with depth. Besides proteolytic processing,
amelogenin protein-protein interactions are critical for function. Far-Western analyses demonstrate
that the larger amelogenins (P173, P162, and P148) are only able to interact with larger
amelogenins. No amelogenin-amelogenin interactions are observed for the smaller amelogenin
cleavage products, TRAP or LRAP Amelogenin doesn’t interact with the 32-kDa glycosylated
enamelin cleavage product, unless it it partially deglycosylated.
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Introduction
Amelogenins are the most abundant and accumulate throughout the secretory stage
enamel1,2). The amelogenin gene of 13 different mammalian species appears to residue
either exclusively on the X-chromosome or jointly on the X- and Y-chromosomes3), and
alternative splicing leads to the production of different amelogenin isoforms from a single
primary RNA transcript4). Humans and pigs have two amelogenin genes ; mice have one.
Approximately 90% of amelogenin mRNA expressed by human males is from the X
chromosome5). AMELX mutations cause X-linked amelogenesis imperfecta6) and AmelX
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knock-out mice show enamel defects7), indicating that amelogenin is critical for proper
dental enamel formation. Porcine amelogenin is expressed from both the X-and Y-
chromosomes, although those genes encode secreted amelogenins with identical amino acid
sequences8,9).

Many strategies have been used for the extraction, fractionation and isolation of
amelogenins from developing teeth10,11). In the 1970’s, the non-dissociative extraction
procedure has been developed at Tsurumi University12,13). This method was developed
using the pig animal model to isolate and characterize amelogenins14,15) and later optimized
for the efficient extraction of all enamel proteins and proteases16). Purification of porcine
enamel proteins in quantity has fostered a better understanding of amelogenins and their
roles in enamel biomineralization. Here we review our path to understanding the structure
and proteolytic processing of porcine amelogenins, amelogenin-associated protein-protein
interactions, and the possible function roles of amelogenin in enamel mineral formation.

Porcine Amelogenin Gene
The cloning of porcine amelogenin cDNAs identified six isoforms (P190, P173, P157, P56,
P41 and P40)17). The porcine amelogenin cDNA sequences showed nucleotide and amino
acid variations within the signal peptide region encoded by exon 2, but not in the code for
exons 3, 5, 6 and 7, which are included in the transcripts of the major amelogenin isoforms.
The amelogenin cDNAs had two homologous but distinct exons 1 (1a and 1b), 2 (2a and 2b)
and 7 (7a and 7b), which could be explained by the existence of two genes, or a single gene
with alternative promoters and exons. Characterization of the porcine amelogenin genes
showed that this pattern was due to there being X- and Y-chromosomal copies of the
amelogenin gene9). The unusually high sequence homology between the two genes suggests
that, in pig, the X and Y copies of the Amel locus have undergone gene conversion events
that homogenized their sequences18).

Protein and PCR analyses show that a novel exon 4 is sometimes included in amelogenin
mRNA transcripts and translated into protein (Fig. 1)19).

Porcine Amelogenin Isoforms and Processing Pathway
Four porcine amelogenin isoforms have been characterized at the protein level (Fig. 2A).
The major porcine amelogenin (P173) has 173 amino acids and an apparent molecular
weight on SDS-PAGE of 25-kDa. The second most abundant amelogenin isoform is the
leucine-rich amelogenin polypeptide (LRAP)20) having 56 amino acids and an apparent
molecular weight of 6.5-kDa. P190, the amelogenin isoform containing the novel exon 4-
encoded segment has 190 amino acids and an apparent molecular weight of 27-kDa. The
P157 amelogenin isoform lacks the exon 3-encoded segment. Its cleavage product lacking
the C-terminal region has apparent molecular weight of 18-kDa (P132). These amelogenin
isoforms undergo characteristic patterns of digestion by two extracellular proteases :
Mmp2021) and kallikrein 4 (Klk4)22).

We recently tested the ability of Mmp20 and Klk4 to catalyze the cleavages that generate the
P173 and LRAP cleavage products that accumulate in secretory stage23) and proved the
processing pathway of porcine amelogenins (Fig. 2B). Mmp20 cleaves P173 after Trp45 and
Ser148. In vivo, these cleavages generate the most abundant amelogenin cleavage products in
porcine secretory-stage enamel : P148, TRAP, and the P46–148 amelogenins. Klk4 is not
able to catalyze either of these cleavages. Mmp20 shows little or no activity against TRAP,
whereas Klk4 degrades TRAP Mmp20 is also able to catalyze all of the cleavages that
generate the less-abundant amelogenin cleavage products in secretory-stage enamel. That is,
Mmp20 cleaves P173 after Pro162 and also after His62 and Ala63, that in vivo yields P162,
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"extended TRAP" (P62 and P63) and the 11-kDa (P63-148 and P64-148) amelogenins. Klk4
is not able to catalyze the cleavage of amelogenin sequences after Pro162 or Ala63, but
catalyzes the cleavage after His62. However, cleavage after both His62 and Ala63 is used to
generate the 11-kDa amelogenin. Mmp20 also cleaves LRAP after Pro45 (LRAP-45) and
Pro40 (LRAP-40), whereas Klk4 does not cleave at these sites, but degrades LRAP by
cleaving at other sites.

In situ hybridization studies have demonstrated that Mmp20 is expressed early in enamel
formation, while Klk4 is not expressed until the transition stage2. Therefore, in developing
pig teeth, Mmp20 is the only significant proteolytic activity in the enamel extracellular
matrix during the secretory stage. It processes amelogenins into a group of cleavage
products that accumulate and are only slowly degraded further by Mmp20. Both TRAP and
LRAP accumulate because Mmp20 has little activity to degrade them. As Klk4 is not
expressed during the secretory stage, it does not contribute to the processing of amelogenin.
Klk4, however, is dedicated to its degradation during the transition and maturation stages.

Protein-Protein Interaction of Porcine Amelogenin
Besides proteolytic processing, amelogenin protein-protein interactions are also critical for
structure and function. Amelogenin polymerizes into spherical structures named as
“nanospheres” and it has believed to play a role in separating and spacing enamel
crystallites25). Another model for amelogenin structure proposes that amelogenin "micelles"
may form assemblies through ionic interactions involving their C-termini, which contain
positively and negatively charged amino acids26,27). In the recent TEM study using porcine
amelogenins, their self-assembly has showed the different state between the recombinant
full-length porcine amelogenin (rP172) and the native porcine amelogenin cleavage product
(P148) lacking the hydrophilic C-terminus of parent molecules28). The rP172 formed
elongated assemblies of chain-like structures, while P148 exhibited no elongated structures,
only loosely associated spherical particles. Thus, the hydrophilic C-terminus of amelogenin
plays a necessary role in super-assembly. We assayed amelogenin protein-protein interaction
using a Far-Western method. Intact porcine amelogenin (P173) and its cleavage products
(P162, P148, P46–148, TRAP, P148–173), as well as LRAP-45 were biotiny-lated and
purified. These biotin-labeled amelogenins were used to probe amelogenin protein-protein
interactions by Far-Western blotting. The Far-Western result showed that only the larger
biotin-labeled amelogenins (i. e. P173, P162 and P148) were able to interact with large
amelogenins (Fig. 3). No amelogenin-amelogenin interactions were observed for the smaller
amelogenin cleavage products or LRAP-45.

Amelogenin is not glycosylated, but it has a domain called a tyrosine-rich N-terminal
domain, which can bind to glycan chains having N-acetylglucosamine as its terminal sugar
group29). We used porcine 32-kDa enamelin to study the amelogenin/32-kDa enamelin
interactions. Enamelin is a glycoprotein that is secreted, along with amelogenins, into the
enamel matrix. Its 32-kDa enamelin cleavage product, which is the most abundant
accumulated enamelin in porcine secretory stage enamel, has three N-glycan chains that
terminate with either sialic acid/galactose/N-acetylglucosamine or galactose/N-
acetylglucosamine30,31). We purified 32-kDa enamelin and generated three enamelin
molecules that varied only in the terminal group on their glycosidic chains. Intact 32-kDa
enamelin(32-Int) has both sialic acid and β-galactose on its surface. Sialic acid was removed
by neu-raminidase to give a product having only β-galactose on its surface (32-Gal). This
product was further digested with β-galactosidase to give a product exposing N-
acetylglucosamine on the terminal sugar of its glycosidic chains (32-GlcNAc). These three
32-kDa enamelins were conjugated to biotin and used for a Far-Western Blot analysis. Intact
32-kDa enamelin and β-galactose exposed 32-kDa enamelin did not interact with any of
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samples (Fig. 3)32). We conclude that amelogenins do not interact with the 32-kDa
enamelin, and that the 32-kDa enamelin does not interact with itself. The N-
acetylglucosamine exposed 32-kDa enamelin only interacted with smaller amelogenin
cleavage products (P45 and P63). The results of our Far-Western analysis suggest that
amelogenin assemblies are disrupted by the cleavages that generate P45 and P63, and that
amelogenins released from these assemblies have increased affinity for specific
glycoproteins.

Possible Function of Porcine Amelogenin
Amelogenin is the most abundant protein in secretory stage enamel and forms nanospheres
that occupy the space between the mineral ribbons. The enamel ribbons slowly grow in
width and thickness as amelogenins are degraded by Mmp20, so amelogenin functions in
part, to maintain the appropriate space between crystals for crystal maturation27).

Knowing the primary structure of amelogenin and its processing by Mmp20 may enable
amelogenin cleavage products to serve separate functions. Although enamel crystal ribbons
elongate at a mineralization front where enamel proteins are secreted, the mineral particles
in both outer and inner enamel layers are needle-shaped and assembled into parallel arrays,
which is the typical organization of enamel mineral. Despite such similar appearance of the
outer and inner enamel, the diffraction patterns of outer layer was similar to amorphous
calcium phosphate (ACP), while those of inner layer was similar to low crystallinity
carbonated hydroxyapatite (LCHA) suggesting that newly formed enamel mineral is ACP
and it converts to LCHA33). To gain information how amelogenins affect mineral formation,
our collaboration group identified mineral phase by TEM in selected area electron
diffraction (SAED) mode using the recombinant full-length porcine amelogenin (rP172) and
the recombinant and the native porcine amelogenin cleavage product (rP147 and P148)34).
The result showed that monodispersed particles and/ or network of amorphous calcium
phosphate (ACP) were observed in all samples at 15 min. After 1 day, the mineral phase in
control, rP172, and rP147 solutions exhibited randomly arranged plates or bundles of
aligned needles corresponding to the hydroxyapatite (HA) phase. In contrast, the mineral
phase in P148 solution had still ACP phase after 1 day, suggesting P148 amelogenin can
inhibit spontaneous calcium phosphate formation in vitro and stabilize ACP (Fig. 4A—D).
Additionally, the mineral phase showed different patterns in the P148 and rP147 solutions.
The difference between these two amelogenins is that P148 has the first methionine and is
phosphorylation at Ser16. Therefore, the next objective was to test if phosphorylation of
amelogenin affects ACP stability. Following the dephosphorylation from P148, the mineral
phase in dephosphorylated P148 solution indicated bundles of plates corresponding to
hydroxyapatite phase after 1 day (Fig. 4E—G). This finding supports that the
phosphorylated N-terminal region of amelogenin binds to forming calcium phosphate nuclei
and ACP and inhibits their transformation to HA.

The anionic components of hydroxyapatite consist of PO4
3− and OH−. In aqueous solution,

PO4
3− is in equilibrium with HPO4

2− and H2PO4
−, while OH− is in equilibrium with H2O.

During the formation of hydroxyapatite, deprotonation of H2PO4
−, HPO4

2− and H2O occurs
to replace PO4

3− and OH- that enter the crystal lattice. At pH = 7.4, an average of 11
protons are generated for each unit cell of hydroxyapatite that forms. Studies using
recombinant mouse amelogenin (rM179) demonstrated that the histidine residues in
amelogenin are able to absorb protons35). The result of proton binding showed that rM179
can absorb between 11 and 15 protons as the pH drops from 8 to 5 through 14 histidines in a
single amelogenin molecule. The P148, which is most abundant amelogenin at the secretory
stage of amelogenin, also has 14 histidine residues in one molecule. Therefore, it may also

Yamakoshi Page 4

J Oral Biosci. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



be able to absorb protons that are generated by secretory stage mineral formation, and may
buffer enamel fluid in vivo.

Conclusion Remarks
By focusing on the purifying ample quantities of recombinant amelogenin or native
amelogenin from developing teeth, characterizing its structure, its processing by proteases,
its proton binding, its protein-protein interactions, and interactions with mineral, we have
gained valuable information that allow us better understand its functional roles in enamel
formation.
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Fig. 1. Structure of porcine amelogenin genes
Boxes indicate the 7 amelogenin exons. Unfilled boxes correspond to the amelogenin-
coding region ; patterned boxes correspond to exonic non-coding regions. The DNA
sequences in the X and Y copies of the porcine amelogenin genes are identical in the coding
regions for the secreted protein (solid line), but differ in the coding regions for the signal
peptides (dashed line).
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Fig. 2. Porcine amelogenin isoforms and cleavage products, and proteolytic processing pathway
Based on the dissociative extraction method, ten amelogenin isoforms and their proteolytic
cleavage products are observed on SDS-PAGE gel (N : extracts by Sorensen buffer (pH
7.4), AL : extracts by carbonate buffer (pH 10.8)). Of these amelogenins, P173 amelogenin
isoform (b : P173) is a major amelogenin and its cleavage products (c : P162, d : P148, f :
P46–148, g : P63/64–148, h : P62/63, i : P45 (TRAP)) are abundant during the secretory
stage of enamel. The intact LRAP is found in the most outer layer enamel, but its cleavage
product (j : LRAP-45) is usually detected in the mixture of outer and inner layer of enamel
sample. P157 amelogenin isoform lacking exon 3 has not been identified, but its cleavage
product (e : P132) has been characterized. P190 amelogenin isoform containing exon 4
encoded segment (a : P190) is the least abundant amelogenin. The major secreted
amelogenin (P173) is usually processed in two steps (Fig. 2B). The initial cleavage is after
Ser148 and generates P148, the most abundant amelogenin cleavage product in the matrix.
The second cleavage is after Trp45 and generates tyrosine-rich amelogenin polypeptide
(TRAP or P45) having an apparent molecular weight of 6-kDa and the 13-kDa amelogenins
(P46–148). A minor processing pathway involves an initial cleavage after Pro162, generating
the 23-kDa amelogenin (P162), which is cleaved again to generate P148. P148 is also
cleaved in a less-often-used alternative pathway that generates extended TRAP having an
apparent molecular weight of 7-kDa (P62/P63) and the 11-kDa amelogenin (P63/64–148).
All these processing are caused by Mmp20 and Mmp20 showed little to no activity against
TRAP LRAP (P56) is cleaved after Pro45 or Pro40 by Mmp20 to generate P45 (LRAP-45)
and P40 (LRAP-40), and Mmp20 can not degrade any sites of LRAP other than them. The
generated TRAP LRAP45 and LRAP-40 are fragmentated by Klk4 during the transition and
maturation stage.

Yamakoshi Page 9

J Oral Biosci. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3. Amelogenin-amelogenin and amelogenin—enamelin protein-protein interaction by Far-
Western blots
Coomassie Blue stained polyacrylamide gels are shown at the top of column 1. Replicas of
these gels were transblotted to nitrocellulose and affinity stained using biotin-labed
amelogenins or enamelins probes, the identity of which is provided at the top of each blot.
Positive signals are indicated by arrows. Key to lanes : 1) P173, 2) P162, 3) P148, 4) P46–
148, 5) P63, 6) P45 (TRAP), 7) LRAP-45, 8) P148–173, 9) intact 32-kDa enamelin, and 10)
pig albumin.
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Fig. 4. TEM micrographs of calcium phosphate mineral products formed in the presence of
amelogenins examined at selected times (15 min, 45 min, 1 hour-4 hours, and 1 day), and the
comparison with or without amelogenin phosphorylation examined after 1 day. (Courtesy Dr. H
Margolis.)
As shown in the control (A), rP172 (B) and P148 (C) at 15 min, ACP was initially formed in
the control and in the presence of rP172 and P148, based on the observed (insets) SAED
patterns. In the presence of rP147 (D), both spherical particles and small plate-like crystals
were observed, consistent with a somewhat diffuse SAED pattern. Subsequent changes in
mineral particle shape and organization with time are described in the text. As described, in
the presence of rP172 (B) ACP particles were observed (inset) to align and form needle-like
particles at 45 min. After 1 day, based on SAED analyses, randomly arranged plate-like
apatitic crystals were found in the control (A, inset, showing circular distribution of apatitic
reflections), whereas aligned bundles of needle-like apatitic crystals were formed in the
presence of rP172 (B, insets, showing a higher magnification of a bundle of aligned crystals
and an arc-like diffraction pattern in the direction of the 002 reflection). In contrast, ACP
was observed in the presence of P148 (C, inset), even after 1 day. In the presence of rP147
(D), crystal formation took place over time outside of observed protein masses. Randomly
arranged plate-like HA crystals were observed at 1 day that were similar in these respects to
those seen in the control, consistent with the SAED patterns obtained (D, 1 day, inset,
showing circular distribution of apatitic reflections). Plate-like apatitic crystals that were
slightly but significantly smaller than those found in the control were observed when
mineralization was carried out in the presence of the non-phosphorylated rP147 (E), whereas
bundles of significantly larger plate-like crystals were observed when mineralization was
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carried out using the partially dephosphorylated P148, dephoso-P148 (G). In sharp contrast,
assemblies of spherical ACP particles were observed in the presence of P148 (F).
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