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The hardening of dental enamel is a consequence of min-
eral deposition on the sides of enamel crystallites, which
form intially as long ribbons of hydroxyapatite (1–3).
This mineral deposition is somehow dependent upon
the degradation of the extracellular organic matrix, which
is composed primarily of amelogenin, ameloblastin, and
enamelin (4). There are two proteases that cleave and
degrade enamel matrix proteins. The early enzyme, which
is expressed from the onset of enamel matrix secretion
through the early maturation stage, is known as enam-
elysin (MMP-20) (5–7). The late enzyme, which is
expressed from the beginning of the transition stage and
throughoutmaturation, is designated kallikrein 4 (KLK4)
(8–10).
During the secretory stage, enamel proteins are secre-

ted at the mineralization front, where they are associated
with the lengthening of enamel ribbons (11). Analyses of
the mix of porcine enamel proteins that are extracted
from secretory-stage enamel at successive depths dem-
onstrate that the older (deeper) enamel matrix is different
from that of the newly formed (superficial) layer (12).
The amelogenin C-terminal region is lost, while the rest
of the protein is split into a set of relatively stable frag-
ments. The major amelogenin derivatives that accumu-
late in the deeper enamel are the 20-kDa (amino acids 1–
148) 13-kDa (amino acids 46–148), 11-kDa (amino acids
64–148), 7-kDa (amino acids 1–63), and 5-kDa (amino
acids 1–45) cleavage products. Besides being composed
of smaller pieces, the total amelogenin component is
increasingly diminished in amount, which appears to be

the principal explanation for enamel crystallites to grow
thicker with depth (13,14).
In pig, the major ameloblastin isoform has 395 amino

acids (15). The intact protein has never been isolated, but
is presumed to be the slowest migrating band (70 kDa)
on western blots (16). Only parts of the ameloblastin
parent protein are not found in the deeper enamel
(16,17). The inner enamel contains mostly fragments
from the N-terminal region of ameloblastin – 17-kDa
(amino acids 1–170), 15-kDa (amino acids 1–130), and
13-kDa (amino acids 33–130) fragments – and the
O-glycosylated 13- and 11-kDa fragments from the ex-
treme C terminus (18,19).
Enamelin is the most extreme example of this proteo-

lysis phenomenon. The 186-kDa (amino acids 1–1104)
parent protein can only be found within 1 lm of the
enamel surface (20). Most enamelin cleavage products
are confined to the superficial enamel (21,22). The 32-
kDa enamelin cleavage product (amino acids 136–241) is
the only stable domain, and accumulates to 1% of total
enamel protein (23–25). It is apparent then, that the mix
of enamel proteins at the secretory/mineralization front
is dictated by the level of expression of enamel matrix
proteins by the ameloblast. Processing and selective
degradation of this inventory of secreted proteins by
enamelysin determines the mix of enamel matrix protein
derivatives that accumulate in the deeper enamel.
Insight into the functional reasons for the processing

of enamel proteins focuses on the activities of enamely-
sin, which is secreted along with the matrix proteins
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The activities of two proteases – enamelysin (MMP-20) and kallikrein 4 (KLK4) – are
necessary for dental enamel to achieve its high degree of mineralization. We hypo-
thesize that the selected enamel protein cleavage products which accumulate in the
secretory-stage enamel matrix do so because they are resistant to further cleavage by
MMP-20. Later, they are degraded by KLK4. The 32-kDa enamelin is the only
domain of the parent protein that accumulates in the deeper enamel. Our objective was
to identify the cleavage sites of 32-kDa enamelin that are generated by proteolysis with
MMP-20 and KLK4. Enamelysin, KLK4, the major amelogenin isoform (P173), and
the 32-kDa enamelin were isolated from developing porcine enamel. P173 and the
32-kDa enamelin were incubated with MMP-20 or KLK4 for up to 48 h. Then, the
32-kDa enamelin digestion products were fractionated by reverse-phase high-per-
formance liquid chromatography (RP-HPLC) and characterized by Edman sequen-
cing, amino acid analysis, and mass spectrometry. Enamelysin cleaved the 32-kDa
enamelin only after it was deglycosylated. Kallikrein 4 digestion of the 32-kDa
enamelin generated nine major cleavage products, six of which were successfully
characterized. After 12 h of digestion with KLK4, all of the 32-kDa enamelin had been
cleaved, but some cleavage products persisted after 48 h of digestion.
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during the secretory stage of amelogenesis (26,27). The
enamel phenotype of enamelysin knockout mice (–/–)
includes disrupted enamel rod organization, reduced
enamel thickness, and a tendency for the enamel to
delaminate from the underlying dentin (28). In addition
to these secretory-stage defects, the enamel hardness is
decreased by 37%, while the weight per cent of mineral
decreases by 7–16% (29). The importance of enamelysin
activity for proper enamel maturation is manifest in the
pigmented hypomaturation amelogenesis imperfecta dis-
played by an individual with two defective MMP-20
alleles (30).
While the role of enamelysin in enamel maturation is

becoming understood in greater detail, enamel matur-
ation is more directly associated with the activity of
KLK4 (31,32). During the transition and early matur-
ation stages, when the expression of enamelysin is wan-
ing and the expression of KLK4 is highest, the protein
content of the enamel matrix decreases from 30 to 2%
(wet weight) and the average size of enamel proteins is
reduced (33). This decrease is associated with a signifi-
cant change in the amino acid composition of total
matrix protein, which is consistent with the interpret-
ation that amelogenins might be preferentially degraded
while enamelins persist in the mature enamel (34). Kal-
likrein 4 is not expressed by ameloblasts during the
secretory stage, but is expressed at that time by the
underlying odontoblasts. Kallikrein 4 is secreted by
odontoblasts via their cell processes into the deepest
enamel layer, where it is believed to facilitate the hard-
ening of enamel nearest to the dentino-enamel junction
(DEJ) (35). The most definitive evidence that KLK4 is
necessary for enamel maturation is the finding that hu-
man KLK4 mutations cause hypomaturation amelogen-
esis imperfecta (36).
The cleavage of recombinant amelogenin (rP172) by

the recombinant MMP-20 catalytic domain (37) and by
native KLK4 (38) in vitro has been reported in detail and
is entirely consistent with the interpretation that enam-
elysin represents the predominant processing/degrada-
tion activity that determines the mix of amelogenin
derivatives which accumulate in the deeper enamel dur-
ing the secretory stage, and that KLK4 is the predom-
inant activity during the transition and maturation stages
that aggressively degrades the residual enamel matrix.
Both MMP-20 and KLK4 are thought to be active
against other enamel proteins, such as enamelin and
ameloblastin; however, experimental evidence for such
activities is lacking. In this study, we use native MMP-20
and KLK4, isolated from developing pig teeth, to digest
native 32-kDa enamelin and amelogenin (P173), also
isolated from developing teeth. The results provide new
insights into the interplay of these molecules during
amelogenesis.

Material and methods
All experimental procedures involving the use of animals
were reviewed and approved by the Institutional Animal
Care and Use Program at the University of Michigan.

Isolation of porcine KLK4

Tooth germs of permanent molars were surgically extracted
from the maxillae and mandibles of 6-month-old pigs at the
Michigan State University Meat Laboratory (East Lansing,
MI, USA). The enamel organ epithelia (EOE) and dental
pulp tissue were removed with tissue forceps. The soft,
cheese-like enamel was separated from the crowns using a
spatula. Early maturation-stage enamel samples, containing
KLK4, were obtained by scraping the remaining hard,
chalky enamel. The hard-enamel shavings were homogen-
ized in Sörensen buffer (pH 7.4), made by mixing Na2HPO4

and KH2PO4 to achieve a final phosphate concentration of
50 mM and a pH of 7.4. Insoluble material was removed by
centrifugation. The supernatant was saturated 40% by the
addition of ammonium sulfate, and the precipitate was
removed by centrifugation. Then, the supernatant was sat-
urated to 65%, and the precipitate (containing KLK4) was
pelleted by centrifugation. The 40–65% saturation pellet
was resuspended in 2 ml of resin buffer (0.05 M Tris-HCl,
0.5 M NaCl, pH 7.4). The same volume of benzamidine
sepharose 4 Fast Flow (Amersham Biosciences, Uppsala,
Sweden), which was equilibrated with the resin buffer, was
added, and the suspension was rotated overnight at 4�C.
The bound resin was packed into a disposable column and
washed with 10 volumes of resin buffer. Bound protein was
eluted with 5 ml of 0.05% trifluoroacetic acid (TFA) and
the eluate was injected onto a C18 reverse-phase (RP) col-
umn (TSK-gel ODS-120T, 7.5 mm · 30 cm; TOSOH, To-
kyo, Japan). The column was eluted with a linear gradient
(20–80% buffer B in 60 min) at a flow rate of 1.0 ml min)1.
Buffer A was 0.05% TFA, and buffer B was 0.1% TFA in
80% aqueous acetonitrile. Protein was detected by absorb-
ance at 230 nm.

Isolation of porcine enamelysin

Enamelysin (MMP-20) was isolated from secretory-stage
porcine (soft) enamel shavings, as described previously (38).
In brief, the alkaline enamel extract was successively fract-
ionated on a Q-Sepharose Fast Flow column
(1.6 cm · 20 cm, Amersham Biosciences), a Superdex 200
column and, finally, on anRP column (TSK-gel Phenyl-5PW,
4.6 mm · 7.5 cm; TOSOH).

Isolation of porcine amelogenin (P173)

Uncleaved, native porcine amelogenin was isolated from
secretory-stage porcine (soft) enamel shavings, as described
previously (39). In brief, the alkaline enamel extract was
divided into three fractions (Q1 to Q3) by anion-exchange
chromatography on a Q-Sepharose Fast Flow column
(1.6 cm · 20 cm; Amersham Biosciences). P173 was isola-
ted from fraction Q2 by using a C18 RP column (TSK-gel
ODS-120T, 7.5 mm · 30 cm; TOSOH).

Isolation of the 32-kDa enamelin

The 32-kDa cleavage product of porcine enamelin was iso-
lated from secretory-stage porcine enamel shavings, as
described previously (40). In brief, the 32-kDa enamelin was
isolated from the neutral soluble fraction and purified by
reverse-phase high-performance liquid chromatography
(RP-HPLC), first using a C4 column (0.8 · 30 cm; Milli-
pore, Bedford, MA, USA) and then by using a C18 column
(41–43).
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Digestion of P173 or the 32-kDa enamelin with MMP-
20 or KLK4

The proteinase and substrate were incubated at a molar
ratio of � 1 : 80 for MMP-20 and 1 : 150 for KLK4 in
50 mM Tris-HCl buffer (pH 7.4) at 37�C. Reaction aliquots
were quenched by the addition of sample buffer at 0, 6, 12,
and 48 h, and analyzed by sodium dodecyl sulphate–poly-
acrylamide gel electrophoresis (SDS–PAGE). The KLK4
digestion of the 32-kDa enamelin, after the 48-h incubation,
was fractionated by C18 RP-HPLC.

SDS–PAGE, western blots, and zymography

Enamel fractions are separated by SDS–PAGE on 15% gels
stained with Coomassie Brilliant Blue (CBB) or silver.
Duplicate gels were transblotted onto Hybond-P membrane
(Amersham Biosciences) and immunostained with a poly-
clonal antibody raised in rabbits against recombinant pig
KLK4 (30). Zymograms were performed on 10% SDS
polyacrylamide gels containing 0.2% gelatin, according to
published methods (37). Reactions were performed in
50 mM Tris buffer (pH 7.4) at 37�C for 24 h.

Automated Edman degradation, amino acid analysis,
and mass analysis

Automated Edman degradation was performed on an
Applied Biosystems Procise 494 cLC protein sequencer,
amino acid analyses were performed using a Beckman
Model 7300 ion-exchange instrument, and electrospray
ionization mass spectrometry (ESMS) was carried out on a
Micromass Q-TOF API mass spectrometer (Waters-
Micromass, Milford, MA, USA) at the W.M. Keck Facility
at Yale University.

Deglycosylation of KLK4

To remove N-linked oligosaccharides, KLK4 in 0.1 M cit-
rate-phosphate buffer (pH 5.0) was incubated with 1 mU
glycopeptidase A (Seikagaku America, East Falmouth, MA,
USA) at 37�C for 24 h.

Results

Kallikrein 4 was purified from the hard enamel of
developing pig teeth (Fig. 1). The portion of the neutral
soluble enamel extract that is soluble in ammonium
sulfate at 40% saturation, but which precipitates in
ammonium sulfate at 65% saturation, was affinity-puri-
fied using benzamidine sepharose, which specifically
binds to serine proteases. Gelatin zymography detected
the KLK4 doublet at 32 and 34 kDa, but also the 76–
78 kDa serine protease (Fig. 1A) (44). The eluate from
the affinity purification was then fractionated by RP-
HPLC (Fig. 1B), which separated KLK4 from the larger
protease (Fig. 1C). Enamelysin (MMP-20), the 32-kDa
enamelin cleavage product, and the intact major amelo-
genin isoform (P173) were also isolated from developing
teeth, as demonstrated previously (39–41).
Native MMP-20 and KLK4 were both active and able

to digest amelogenin (Fig. 2A). The MMP-20 digestion

produced relatively discrete cleavage products (at 18, 14,
and 6 kDa), whereas KLK4 generated more of a smear
and almost completely degraded amelogenin after 48 h.
Although MMP-20 actively digested amelogenin, the
32 kDa enamelin was resistant to cleavage by this
enzyme (Fig. 2B, left). Enamelysin (MMP-20) was able
to cleave the deglycosylated 32 kDa enamelin (Fig. 2B,
right), albeit slowly.
Unlike MMP-20, KLK4 actively cleaved the native 32-

kDa enamelin (Fig. 3). All of the original 32-kDa pro-
tein was digested after 12 h. Many of the cleavage
products showed an increase in apparent molecular
weight on 15% SDS–PAGE. This anomalous behavior,
however, was not observed on the RP-HPLC column:
the native 32-kDa enamelin substrate had a retention
time, on a C-18 column, of 63 min (Fig. 3, left), while all
of its digestion products had shorter retention times
(Fig. 3, right). We speculate that cleavage of the 32-kDa
enamelin disrupted its fold, causing it to interact more
with the polyacrylamide sieve and run more slowly
during electrophoresis. The KLK4 digestion of the 32-
kDa enamelin generated a complex mixture of products
that resolved into approximately nine chromatographic
peaks. Six of the cleavage products were characterized by
amino acid composition analyses (Table 1) and also by
N-terminal sequencing and mass spectrometry
(Table 2). From this data, the N and C termini of the six
cleavage products were deduced (Fig. 4). The five KLK4
cleavage sites identified in the 32-kDa enamelin digest
were on the C-terminal sides of R180, Y205, H206,

A B

C

Fig. 1. Purification of porcine kallikrein 4 (KLK4). The 65%
saturation ammonium sulfate precipitate was applied to a
benzamidine affinity column (A). The flow through (lanes 1),
wash (lanes 2), and eluate (lanes 3) were visualized, after
sodium dodecyl sulphate–polyacrylamide gel electrophoresis
(SDS–PAGE), by staining with Coomassie Brilliant Blue (CBB)
and by gelatin zymography. Kallikrein 4 was further purified by
reverse-phase high-performance liquid chromatography (RP-
HPLC) (B). The three main fractions (lanes 1–3) were analyzed
by SDS–PAGE and staining with CBB and silver, gelatin
zymography and western blot analyses (C). Porcine KLK4,
corresponding to a doublet at 32 and 34 kDa, was identified in
fraction 2 and was the only gelatinolytic activity in this fraction.
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M219, and R262. In addition, the mass spectrometric
analysis confirmed that the three specific triantennary
carbohydrate complexes, previously shown to attach to
N264 using biochemical techniques, are correct (45).

Discussion

During the secretory stage of amelogenesis, enamelysin
and enamel matrix proteins are secreted together, at a
mineralization front where enamel ribbons are growing
in length. Although the mechanism of enamel biomin-
eralization remains a mystery, a relatively detailed
scenario for amelogenin has emerged. Amelogenins self-
assemble into nanospheres, 15–20 nm in diameter, that
separate and support the delicate enamel ribbons ( 46)
and influence their growth (47). The nascent enamel
structure may result from co-operative interactions
between the forming crystals and aggregating ameloge-
nins (48), which have their charged C termini oriented at
the surface of the nanospheres (49). Some of the details
of the protein–protein interactions important for nano-
sphere assembly have been learned. Two domains in
mouse amelogenin (M180: A, amino acids 1–42; B,
amino acids 157–173) are essential for amelogenin–
amelogenin interactions (50). Enamelysin cleaves amel-
ogenins in the nanospheres near their exposed C termini,

A

B

Fig. 2. Enamelysin (MMP-20) and kallikrein 4 (KLK4) diges-
tion of enamel proteins. Porcine amelogenin (P173) was diges-
ted with MMP-20 (A, left) and KLK4 (A, right). The digestion
patterns are shown after 0, 6, 12, 24, and 48 h. Control samples
of P173 (lanes C) incubated for 48 h were not digested, indi-
cating that no proteolytic activity had copurified with the
amelogenin protein. Both enzymes digested amelogenin, but in
different patterns. The porcine 32-kDa enamelin was incubated
with MMP-20 (B, left), but no digestion occurred. Native
MMP-20 was able to cleave deglycosylated 32-kDa enamel (B,
right).

Fig. 3. Kallikrein 4 (KLK4) digestion of the 32-kDa enamelin.
Porcine 32-kDa enamelin was digested with KLK4, and the
cleavage products after 0, 2, 4, 6, 12, 24, and 48 h were char-
acterized by Coomassie Brilliant Blue (CBB) staining after
sodium dodecyl sulphate–polyacrylamide gel electrophoresis
(SDS–PAGE). Control samples of the 32-kDa enamelin (C)
incubated for 48 h were not digested, indicating that no
proteolytic activity had copurified with it. Reverse-phase high-
performance liquid chromatography (RP-HPLC) chromato-
grams of the digests at t ¼ 0 (left) and t ¼ 48 h (right) show
that the starting material, represented by a single peak with a
retention time of 63 min, was fragmented into at least nine
chromatographic peaks, six of which were successfully charac-
terized. The numbers below the chromatograms indicate min-
utes since injection. The numbers on the right of the
chromatograms represent the percentage of buffer B in the
HPLC gradient, which is indicated by a thin diagonal line.
The peaks are numbered, and the characteristics of their con-
tents are shown in Tables 1 and 2. Un, undetermined.

Table 1

Amino acid compositions of the six 32-kDa enamelin cleavage
products generated by kallikrein 4 (KLK4)

Amino
acid 1 2 3 4 5 6

Asx 13 154 (3) 116 (6) 84 (2) 12 10
Thr 10 181 (3) 164 (7) 41 (1) 12 13
Ser – 108 (2) 45 (2) 45 (1) 51 (1) 56 (1)
Glx 10 61 (1) 176 (8) 88 (2) 149 (2) 150 (2)
Pro 186 (1) 160 (3) 197 (9) 192 (5) 138 (2) 144 (2)
Gly 14 263 (4) 15 246 (6) 221 (3) 235 (3)
Ala – – 54 (2) 11 – –
Val 148 (1) – 60 (2) – – –
Met – – – – 69 (1) 73 (1)
Ile – – – 38 (1) – –
Leu 163 (1) – – – – –
Tyr – – – 111 (3) 145 (2) 151 (2)
Phe – – 49 (2) 115 (3) 67 (1) 78 (1)
His 299 (2) – – 33 (1) 64 (1) 16
Lys – – 97 (4) – – –
Arg 157 (1) 73 (1) 27 (1) 27 (1) 72 (1) 74 (1)

The numbers above each column correspond to the peak
number on the chromatogram of the enamelin cleaved by
KLK4 for 48 h (Fig. 3). Amino acid composition values are in
residues/1000. In parentheses are residues/peptide.
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weakening their affinity for the crystals (51). Subsequent
cleavages separate the A and B domains, disassembling
the nanospheres. Enamelysin is able to cleave ameloge-
nin at numerous sites. The kinetics of these cleavages is
influenced by enamelysin cleavage-site specificity and by
the accessibility of target sites in the protein substrates
(52). Disassembly of the nanospheres exposes additional
cleavage sites, and the amelogenin derivatives are slowly
degraded. Digestion of amelogenin accommodates the
thickening of the secretory-stage enamel crystals in the
inner enamel.
The biological activity surrounding enamelin is not

known in detail. It is clear, however, that enamelin is
necessary for normal enamel biomineralization (25). In
humans, ENAM mutations cause autosomal forms of
amelogenesis imperfecta, ranging in phenotype from rel-
atively minor localized enamel pitting to severely hypo-
plastic enamel (53–58). The secreted enamelin protein is
the largest protein in the enamel matrix, having more
than 1100 amino acids (59). The secreted protein is
rapidly degraded by enamelysin, so that the only frag-
ment which is known to accumulate in the deeper enamel
is the 32-kDa cleavage product. The 32-kDa enamelin
has a backbone of 106 amino acids, less than one-tenth
of the original protein (21). The 32-kDa enamelin
has three glycosylations and two phosphorylations,

which have been extensively characterized (42,43,45).
The 32-kDa enamelin does not form associations with
amelogenin or itself (41).
Previously, we proposed that selective proteolysis of

enamel proteins by enamelysin is a major determinant of
the make-up of the enamel matrix (9). This conclusion is
supported by our finding that enamelysin cannot cleave
the 32-kDa enamelin in vitro, as enamelin glycosylations
protect it from degradation. We also demonstrate that
KLK4, which is a smaller protease than enamelysin
(60,61), degrades the 32-kDa enamelin. We have identi-
fied five of the major KLK4 cleavage sites in the 32-kDa
protein. Enamelysin and KLK4 cleave enamel proteins
in different ways, suggesting that they play comple-
mentary, rather than overlapping, roles in amelogenesis.
The discovery that MMP20 mutations cause a hypo-

maturation form of amelogenesis imperfecta indicates
that MMP-20 is necessary for enamel maturation. Kal-
likrein 4 is apparently not able to compensate totally for
the absence of MMP-20. The reason for this might relate
to the finding that MMP-20 can, but KLK4 cannot,
activate the KLK4 zymogen. If KLK4 activation
requires MMP-20 in vivo, then defects in MMP-20 would
reduce or eliminate KLK4 activity secondarily. Cur-
rently, there are no data concerning the mechanism of
KLK4 activation in vivo. It is also possible that the early
processing and degrading activities of MMP-20 are
required because some parts of the enamel matrix are
only susceptible to cleavage by MMP-20, or that KLK4
cannot penetrate the unnaturally protein-rich matur-
ation-stage matrix that forms in the absence of MMP-20
activity.
Enamelysin is involved in enamel protein processing

and degradation. It cleaves and then degrades the
amelogenin C terminus. Enamelysin processes the rest of
the amelogenin protein into a set of cleavage products
that accumulate in the deeper enamel. Then it slowly
degrades the amelogenin derivatives, reclaiming space
for the partial maturation of enamel crystallites that
occurs during the secretory stage. Although there are
currently no in vitro studies to confirm this, enamelysin is
assumed to be the protease that rapidly cleaves the
ameloblastin and enamelin parent proteins following
their secretion by ameloblasts and then selectively

Table 2

Edman sequences and mass values obtained for the six 32-kDa enamelin cleavage products generated by kallikrein 4 (KLK4)

Peak Amino acid sequence Position Mass (calculated) Mass measured

1 LWHVPHR 174–180 944.11 945.55
2 GxDTSPTG 263–279 1642.66 NO

+Deoxyhex1HexNAc5Hex4 3452.41 3452.51
+Deoxyhex1HexNAc5NeuAc1Hex4 3743.50 3743.57
+Deoxyhex1HexNAc5NeuAc2Hex4 4034.60 4034.62

3 FEQDFEKP… 220–262 4795.16 NO
4 IPPGYGRPP… 181–205 2858.08 2938.03*
5 HGFGGRPPYY… 206–219 1626.76 1706.70*
6 GFGGRPPYY… 207–219 1489.62 1569.64*

Two calculated peptide masses were not observed (NO) because of glycosylations. For the mono-glycosylated peptide in peak 2, mass
values were observed that corresponded to the three triantenniary structureS previously shown to be attached to N264 (45).
*For peptides 3–6, the measured masses were 80 Da more than the calculated masses because of phosphorylations at S191 and S216.

Fig. 4. Enamelin cleavages made by kallikrein 4 (KLK4). The
porcine 32-kDa enamelin is a stable enamelin cleavage product
that extends from L174 to R279. Arrows mark the five KLK4
cleavage sites. Bars beneath the sequences correspond to clea-
vage products characterized after 48 h of digestion. The five
modified residues on the 32-kDa enamelin are shown in bold
and underlined. The two phosphorylated serines are S191 and
S219. The three N-linked glycosylations are N245, N252, and
N264.
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degrades some of their cleavage products, while allowing
others to accumulate. This study provides evidence that
the 32-kDa enamelin accumulates because it is resistant
to further cleavage by enamelysin.

Acknowledgements – We thank Mr. Tom Forton, Manager of
the Michigan State University Meat Laboratory, and the
Michigan State University Department of Animal Science for
their kind assistance in obtaining fresh developing molars from
pigs slaughtered at their facility. We thank Dr. Myron Craw-
ford, director of W. M. Keck Foundation Biotechnology
Resource Laboratory at Yale University, and Nancy Williams
for the protein sequencing. This investigation was supported by
USPHS Research Grants DE12769, DE15846, and DE11301
from the National Institute of Dental and Craniofacial
Research, National Institutes of Health, Bethesda, MD 29892.

References
1. Eastoe JE. Enamel protein chemistry – past, present and

future. J Dent Res 1979; 58: 753–764.
2. Simmer JP, Fincham AG. Molecular mechanisms of dental

enamel formation. Crit Rev Oral Biol Med 1995; 6: 84–108.
3. Smith CE. Cellular and chemical events during enamel mat-

uration. Crit Rev Oral Biol Med 1998; 9: 128–161.
4. Fincham AG, Moradian-Oldak J, Simmer JP. The structural

biology of the developing dental enamel matrix. J Struct Biol
1999; 126: 270–299.

5. Bartlett JD, Simmer JP, Xue J, Margolis HC, Moreno EC.
Molecular cloning and mRNA tissue distribution of a novel
matrix metalloproteinase isolated from porcine enamel organ.
Gene 1996; 183: 123–128.

6. Bartlett JD, Simmer JP. Proteinases in developing dental
enamel. Crit Rev Oral Biol Med 1999; 10: 425–441.

7. Bartlett JD. Enamelysin. In: Barrett A, Rawlings N,
Woessner J, eds. Handbook of Proteolytic Enzymes. San Diego:
Academic Press, 2004; 561–564.

8. Simmer JP, Fukae M, Tanabe T, Yamakoshi Y, Uchida T,
Xue J, Margolis HC, Shimizu M, Dehart BC, Hu CC,
Bartlett JD. Purification, characterization, and cloning of
enamel matrix serine proteinase 1. J Dent Res 1998; 77: 377–
386.

9. Simmer JP, Hu JC-C. Expression, structure, and function of
enamel proteinases. Connect Tissue Res 2002; 43: 441–449.

10. Simmer JP. Prostase. In: Barrett A, Rawlings N, Woessner

J, eds. Handbook of Proteolytic Enzymes. San Diego: Academic
Press, 2004; 1612–1614.

11. Ronnholm E. The amelogenesis of human teeth as revealed by
electron microscopy II. The development of the enamel crys-
tallites. J Ultrastruct Res 1962; 6: 249–303.

12. Uchida T, Tanabe T, Fukae M, Shimizu M, Yamada M,
Miake K, Kobayashi S. Immunochemical and immunohisto-
chemical studies, using antisera against porcine 25 kDa amel-
ogenin, 89 kDa enamelin and the 13–17 kDa nonamelogenins,
on immature enamel of the pig and rat. Histochemistry 1991;
96: 129–138.

13. Daculsi G, Kerebel B. High-resolution electron microscope
study of human enamel crystallites. size, shape, and growth.
J Ultrastruct Res 1978; 65: 163–172.

14. FukaeM, Tanabe T. Degradation of enamel matrix proteins in
porcine secretory enamel. Connect Tissue Res 1998; 39: 427–
433.

15. Hu CC, Fukae M, Uchida T, Qian Q, Zhang CH, Ryu OH,
Tanabe T, Yamakoshi Y, Murakami C, Dohi N, Shimizu M,
Simmer JP. Sheathlin: cloning, cDNA/polypeptide sequences,
and immunolocalization of porcine enamel sheath proteins.
J Dent Res 1997; 76: 648–657.

16. Murakami C, Dohi N, Fukae M, Tanabe T, Yamakoshi Y,
Wakida K, Satoda T, Takahashi O, Shimizu M, Ryu OH,
Simmer JP, Uchida T. Immunochemical and immunohisto-

chemical study of 27 and 29 kDa calcium binding proteins and
related proteins in the porcine tooth germ. Histochem Cell Biol
1997; 107: 485–494.

17. Uchida T, Murakami C,Wakida K, DohiN, Iwai Y, Simmer
JP, Fukae M, Satoda T, Takahashi O. Sheath Proteins:
synthesis, secretion, degradation and fate in forming enamel.
Eur J Oral Sci 1998; 106: 308–314.

18. Uchida T, Fukae M, Tanabe T, Yamakoshi Y, Satoda T,
Murakami C, Takahashi O, Shimizu M. Immunochemical
and immunocytochemical study of a 15 kDa non-amelogenin
and related proteins in the porcine immature enamel: proposal
of a new group of enamel proteins sheath proteins. Biomed Res
1995; 16: 131–140.

19. Yamakoshi Y, Tanabe T, Oida S, Hu CC, Simmer JP, Fukae
M. Calcium binding of enamel proteins and their derivatives
with emphasis on the calcium-binding domain of porcine
sheathlin. Arch Oral Biol 2001; 46: 1005–1014.

20. Hu CC, Fukae M, Uchida T, Qian Q, Zhang CH, Ryu OH,
Tanabe T, Yamakoshi Y, Murakami C, Dohi N, Shimizu M,
Simmer JP. Cloning and characterization of porcine enamelin
mRNAs. J Dent Res 1997; 76: 1720–1729.

21. Fukae M, Tanabe T, Murakami C, Dohi N, Uchida T,
Shimizu M. Primary structure of the porcine 89-kDa enamelin.
Adv Dent Res 1996; 10: 111–118.

22. Dohi N, Murakami C, Tanabe T, Yamakoshi Y, Fukae M,
Yamamoto Y, Wakida K, Shimizu M, Simmer JP, Kurihara

H, Uchida T. Immunocytochemical and immunochemical
study of enamelins, using antibodies against porcine 89-kDa
enamelin and its N-terminal synthetic peptide, in porcine tooth
germs. Cell Tissue Res 1998; 293: 313–325.

23. Uchida T, Tanabe T, Fukae M, Shimizu M. Immunocyto-
chemical and immunochemical detection of a 32 kDa non-
amelogenin and related proteins in porcine tooth germs. Arch
Histol Cytol 1991; 54: 527–538.

24. Tanabe T, Aoba T, Moreno EC, Fukae M, Shimizu M.
Properties of phosphorylated 32 kd nonamelogenin proteins
isolated from porcine secretory enamel. Calcif Tissue Int 1990;
46: 205–215.

25. Hu JC-C, Yamakoshi Y. Enamelin and autosomal-dominant
amelogenesis imperfecta. Crit Rev Oral Biol Med 2003; 14: 387–
398.

26. Bartlett JD, Ryu OH, Xue J, Simmer JP, Margolis HC.
Enamelysin mRNA displays a developmentally defined pattern
of expression and encodes a protein which degrades ameloge-
nin. Connect Tissue Res 1998; 39: 405–413.

27. Hu JC-C, Sun X, Liu S, Zhang CH, Bartlett JD, Simmer JP.
Enamelysin and kallikrein-4 expression in developing mouse
molars. Eur J Oral Sci 2002; 110: 307–315.

28. Caterina JJ, Skobe Z, Shi J, Ding Y, Simmer JP, Birkedal-
Hansen H, Bartlett JD. Enamelysin (matrix metalloprotein-
ase 20)-deficient mice display an amelogenesis imperfecta
phenotype. J Biol Chem 2002; 277: 49598–49604.

29. Bartlett JD, Beniash E, Lee DH, Smith CE. Decreased
mineral content in MMP-20 null mouse enamel is prominent
during the maturation stage. J Dent Res 2004; 83: 909–913.

30. Kim J-W, Simmer JP, Hart TC, Hart PS, Bartlett JD, Hu

JC-C. MMP-20 mutation in autosomal recessive pigmented
hypomaturation amelogenesis imperfecta. J Med Genet 2005;
42: 271–275.

31. Hu JC, Ryu OH, Chen JJ, Uchida T, Wakida K, Murakami

C, Jiang H, Qian Q, Zhang C, Ottmers V, Bartlett JD,
Simmer JP. Localization of EMSP1 expression during tooth
formation and cloning of mouse cDNA. J Dent Res 2000; 79:
70–76.

32. Simmer JP, Sun X, Yamada Y, Zhang CH, Bartlett JD, Hu

JC-C. Enamelysin and kallikrein-4 expression in the mouse
incisor. In: Kobayashi I, Ozawa H, eds. Biomineralization:
Formation, Diversity, Evolution and Application. Hadano: Tokai
University Press, 2004, 348–352.

33. Fukae M, Shimizu M. Studies on the proteins of developing
bovine enamel. Arch Oral Biol 1974; 19: 381–386.

34. Robinson C, Lowe NR, Weatherell JA. Changes in amino-
acid composition of developing rat incisor enamel. Calcif Tissue
Res 1977; 23: 19–31.

50 Yamakoshi et al.



35. Fukae M, Tanabe T, Nagano T, Ando H, Yamakoshi Y,
Yamada M, Simmer JP, Oida S. Odontoblasts enhance the
maturation of enamel crystals by secreting EMSP1 at the
enamel-dentin junction. J Dent Res 2002; 81: 668–672.

36. Hart PS, Hart TC, Michalec MD, Ryu OH, Simmons D,
Hong S,Wright JT. Mutation in kallikrein 4 causes autosomal
recessive hypomaturation amelogenesis imperfecta. J Med
Genet 2004; 41: 545–549.

37. Ryu OH, Fincham AG, Hu CC, Zhang C, Qian Q, Bartlett
JD, Simmer JP. Characterization of recombinant pig enam-
elysin activity and cleavage of recombinant pig and mouse
amelogenins. J Dent Res 1999; 78: 743–750.

38. Ryu OH, Hu JC-C, Yamakoshi Y, Villimain JA, Cao X,
Zhang CH, Bartlett JD, Simmer JP. KLK-4 activation,
glycosylation, activity, and expression in prokaryotic and euk-
aryotic hosts. Eur J Oral Sci 2002; 110: 358–365.

39. Yamada Y, Yamakoshi Y, Gerlach RF, Hu JC-C, Liu S,
Bartlett JD, Simmer JP. Purification and characterization of
enamelysin from secretory stage pig enamel. Arch Comp Histol
Tooth Form 2003; 8: 21–27.

40. Yamakoshi Y, Hu JC-C, Ryu OH, Tanabe T, Oida S, Fukae
M, Simmer JP. A comprehensive strategy for purifying pig
enamel proteins. In: Kobayashi I, Ozawa H, eds. Biomineral-
ization: Formation, Diversity, Evolution and Application. Had-
ano: Tokai University Press, 2004; 326–332.

41. Yamakoshi Y, Hu JC-C, Fukae M, Tanabe T, Oida S, Sim-
mer JP. Amelogenin and 32 kDa enamelin protein–protein
interactions. In: Kobayashi I, Ozawa H, eds. Biomineraliza-
tion: Formation, Diversity, Evolution and Application. Hadano:
Tokai University Press, 2004; 338–342.

42. Yamakoshi Y. Carbohydrate moieties of porcine 32 kDa
enamelin. Calcif Tissue Int 1995; 56: 323–330.

43. Yamakoshi Y, Pinheiro FHSL, Tanabe T, Fukae M, Shimizu
M. Sites of asparagine-linked oligosaccharides in porcine 32
kDa enamelin. Connect Tissue Res 1998; 39: 343–350.

44. Tanabe T, Fukae M, Uchida T, Shimizu M. The localization
and characterization of proteinases for the initial cleavage of
porcine amelogenin. Calcif Tissue Int 1992; 51: 213–217.

45. Yamakoshi Y, Pinheiro FH, Tanabe T, Fukae M, Shimizu
M. Sites of asparagine-linked oligosaccharides in porcine 32
kDa enamelin. Connect Tissue Res 1998; 39: 39–46.

46. Fincham AG, Moradian-Oldak J, Simmer JP, Sarte P, Lau
EC, Diekwisch T, Slavkin HC. Self-assembly of a recombin-
ant amelogenin protein generates supramolecular structures.
J Struct Biol 1994; 112: 103–109.

47. Du C, Falini G, Fermani S, Abbott C, Moradian-Oldak J.
Supramolecular assembly of amelogenin nanospheres into
birefringent microribbons. Science 2005; 307: 1450–1454.

48. Beniash E, Simmer JP, Margolis HC. The effect of recom-
binant mouse amelogenins on the formation and organization
of hydroxyapatite crystals in vitro. J Struct Biol 2005; 149: 182–
190.

49. Shaw WJ, Campbell AA, Paine ML, Snead ML. The COOH
terminus of the amelogenin, LRAP, is oriented next to the
hydroxyapatite surface. J Biol Chem 2004; 279: 40263–40266.

50. Paine ML, Snead ML. Protein interactions during assembly of
the enamel organic extracellular matrix. J Bone Miner Res 1997;
12: 221–227.

51. Ryu OH, Hu CC, Simmer JP. Biochemical characterization of
recombinant mouse amelogenins: protein quantitation, proton
absorption, and relative affinity for enamel crystals. Connect
Tissue Res 1998; 38: 207–214.

52. Wang L, Moradian-Oldak J. Assessment of enamelysin
(MMP-20) selectivity to three peptide bonds on amelogenin
sequence. J Dent Res 2002; 81: 664–667.

53. Rajpar MH, Harley K, Laing C, Davies RM, Dixon MJ.
Mutation of the gene encoding the enamel-specific protein,
enamelin, causes autosomal-dominant amelogenesis imperfecta.
Hum Mol Genet 2001; 10: 1673–1677.
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