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ABSTRACT Background: The synthesis, secretion, and fate of matrix
proteins released by ameloblasts during enamel formation was studied in
continuously erupting rat incisors.

Methods: Computerized image processing was used to quantify silver
grain distribution in radioautographs of sections prepared from rats in-
jected with *H-methionine, and this was correlated with fluorographs de-
fining radiolabeling patterns of proteins in enamel organ cell and enamel
homogenates prepared from freeze-dried teeth of rats injected with *S-
methionine and other radioactive amino acids and precursors such as
sugar, sulfate, and phosphate. Someratswere also treated with brefeldin A
to characterize newly formed proteins blocked from being secreted from
ameloblasts.

Results: The results indicate that ameloblasts rapidly synthesize and se-
crete (minutes) at least five primary enamel matrix proteins, including a 65
kDa sugar-containing sulfated enamel protein and four nonsulfated pro-
teins with molecular weights near 31, 29, 27, and 23 kDa as estimated by
SDS-PAGE. The 27 kDa protein appearsto correspond to the primary amel-
ogenin described in many species. The cells also appear to release at least
one phosphoprotein with molecular weight near 27 kDa, which may be an
amelogenin, and up to five cysteine-containing proteins with molecular
weights near 94, 90, 72, 55, and 27 kDa. The proteins collectively are re-
leased at interrod and rod growth sites where they appear to remain close
to their point of release from ameloblasts. The 65 kDa sulfated protein and
31 kDa nonsulfated protein are rapidly converted into lower molecular
weight forms (hours), whereas nonsulfated proteins near 29, 27, and 23 kDa
are more slowly transformed into fragments near 20, 18, and 10 kDa in
molecular weight (days). These fragments do not accumulate but appear to
be removed from the enamel layer as they are created.

Conclusions. Enamel proteins seen by Coomassie blue (or silver) staining
of one-dimensional polyacrylamide gels, therefore, represent a composite
image of newly secreted and derived forms of sulfated and nonsulfated
proteins that sometimes have similar molecular weights.
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PROTEINS AND ENAMEL LAYERS

What Proteins Do Ameloblasts Secrete When They Make
an Enamel Layer?

Enamel, like other hard tissues, undergoes major
chemical and physical changes over the course of its
development (Deutsch et al., 1995a; Robinson et al.,
1995; Simmer and Fincham, 1995). Part of these
changes involve proteins that become receptive to the
organized deposition of mineral crystals on or near
their surfaces (Aoba and Moreno, 1991; Fincham et al .,
1991b; Aoba et al., 1992a,b; Diekwisch et al., 1993,
1995; Miake et al., 1993; Simmer and Fincham, 1995).
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Unlike collagen-based hard tissues such as bone and
dentin, enamel lacks an obvious frontier line delineat-
ing the exact site at which mineralization occurs dur-
ing the appositional growth phase (Boyde, 1989; Nanci
and Smith, 1992; Nanci et al., 1996). The growing ends
of forming mineral crystals instead are seen in close
proximity to, and even abutting against, the plasma
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membranes of cells (ameloblasts) that secrete the
enamel proteins (Warshawsky et al., 1981; Nanci and
Warshawsky, 1984; Nanci et al., 1996). This suggests
that enamel proteins collectively are capable of pro-
moting (inducing/stabilizing) mineralization as soon as
they are exposed to the extracellular environment, per-
haps through a physical process involving massive pro-
tein aggregation (Fincham et al., 1994b, 1995; Diek-
wisch et al., 1995).

The exact numbers, types, and molecular weights of
proteins secreted by ameloblasts are presently contro-
versial, but it is widely accepted that the majority be-
long to a group of relatively low molecular weight and
hydrophobic proteins called amelogenins (Brookes et
al., 1995; Deutsch et al., 1995a; Simmer and Fincham,
1995). These are not homogeneous but comprise com-
plex mixtures of several distinct proteins varying in
molecular weight from ~5-30 kDa as estimated by
SDS-PAGE (Brookes et al., 1995; Deutsch et al., 1995g;
Fincham and Moradian-Oldak, 1995; Simmer and
Fincham, 1995). They are difficult to solubilize in aque-
ous solutions and show a tendency to aggregate at the
molecular level (Limeback and Simic, 1990; Nagasaka,
1994) as well as within large clusters termed "nano-
spheres" by Fincham et al. (1994b, 1995). Heterogene-
ity of parental forms of amelogeninsis believed to orig-
inate in two basic ways: (1) at the genetic level, by
alternative splicing of mRNAs from a single sex-linked
AMEL gene (Bonass et al., 1994; Simmer et al., 19943;
Brookes et al., 1995; Sasaki and Shimokawa, 1995;
Simmer and Snead, 1995) and through active tran-
scription from the Y -chromosome, as well as X-chromo-
some, in males (Fincham et al., 1991a; Gibson et al.,
1992, 1995; Salido et al., 1992; Simmer and Snead,
1995), and (2) at the cellular level, by posttranslational
phosphorylation on serine residues (Strawich and
Glimcher, 1985; Fincham et al., 1994a). However, the
main source of amelogenin heterogeneity is believed to
arise from rapid enzymatic C-terminal processing that
occurs after these proteins are secreted extracellularly
(Aoba and Moreno, 1991; Fincham et al., 1991b; Aoba
et al., 1992a,b; Tanabe et al., 1992; Moradian-Oldak et
al., 1994; Yamakoshi et al., 1994; Brookes et al., 1995;
Deutsch et al., 1995a; Simmer and Fincham, 1995).
This produces derived proteins having similar N-ter-
minal sequences and antigenicities but molecular
weights different from (lower than) the parental forms
(Yamakoshi et al., 1994; Brookes et al., 1995; Simmer
and Fincham, 1995). The processed amelogenins even-
tually are degraded by matrix-resident proteinases
within days, weeks, or months depending upon species
(Smith et al., 1989; Robinson et al., 1995; Simmer and
Fincham, 1995). This apparently allows enamel crys-
tals to expand slowly in volume and thereby achieve
their very large sizes characteristic of mature enamel
(Boyde, 1989; Miake et al., 1993; Simmer and Fincham,
1995).

Ameloblasts secrete proteins other than alterna-
tively spliced amelogenins and enzymes that modify
and degrade them (Deutsch et al., 1995a,b; Simmer and
Fincham, 1995; Smith et al., 1995; Zeichner-David et
al., 1995). Components of this group collectively com-
prise <10% of organic matter found in secretory stage
enamel at any given moment (Termine et al., 1980).
They seem to be analogous to various glycosylated, sul-
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fated, and/or phosphorylated noncollagenous proteins
present in bone, dentin, cementum, and calcifying car-
tilage. Traditionally, nonamelogenin enamel matrix
proteins have been called "enamelins," but it is now
recognized that there is probably more than one differ-
ent category/family of such proteins, perhaps with dif-
ferent functions and even timing of secretion relative
to the stages of enamel development (Deutsch et al.,
1995a,b; Simmer and Fincham, 1995; Smith et al.,
1995; Zeichner-David et al., 1995). Some of them also
appear to possess short life spans rather than long life
spans, as was part of the original definition for enam-
elins (proteins present in mature enamel) (Smith et al.,
1995). Members of this group include parental and de-
rived forms of the classic 70 kDa glycosylated/phospho-
rylated enamelin described by Termine et al. (1980),
and numerous other higher and lower molecular
weight proteins described by many subsequent inves-
tigators (excluding any contaminant by albumin or
other serum proteins) (reviewed in Deutsch et al.,
1995a,b; Simmer and Fincham, 1995).

Differential secretion of some nonamelogenins has
been suggested by findings that proteins such as "tufte-
lins" appear concentrated near the dentinoenamel
junction (Deutsch et al., 1991). This situation is most
easily explained by assuming that ameloblasts secrete
large amounts of tuftelins when enamel formation first
begins, but they then slow or stop secretion of these
proteins as the enamel layer gradually thickens by ap-
positional growth (Deutsch et al., 1995b; Zeichner-
David et al., 1995). In contrast, 65 kDa sulfated enamel
proteins appear to be produced uniformly throughout
the secretory stage of amelogenesis (Smith et al., 1995).
The sulfated proteins also undergo rapid degradation
and are lost before amel ogenins undergo their massive

ABBREVIATIONS
AL apical loop
AM amel oblast
BFA brefeldin A
CL cervical loop
DEJ dentinoenamel junction
EO enamel organ (cells)
EN enamel
ER endoplasmic reticulum
ES enamel soluble in EDTA
GA Golgi area
GM gingival margin
IE inner enamel
IGS interrod growth site
kDa kilodalton (molecular weight)
LCT labial connective tissue
M maturation stage
Met methionine
Mr molecular weight (relative mobility)
N nucleus
OE outer enamel
P presecretory stage
PL papillary layer
PO, phosphate
R (molar) reference line
RGS rod growth site
S secretory stage
SD standard deviation
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel
electrophoresis
SG secretory granule
SO, sulfate
TP Tomes' process
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breakdown as part ofthe maturation process (Smith et
al., 1995).

How Are Proteins Organized Extracellularly as the Enamel
Layer Forms?

Ameloblasts create the entire enamel thickness dur-
ing the secretory stage of amelogenesis by gradual and
continuous appositional release of proteins along their
functional apical surfaces, which initially face coronal
dentin (Fig. 1) (Warshawsky and Smith, 1974). There is
no obvious mineralization front throughout this pro-
cess. New mineral crystals initially appear and elon-
gate (along their "c"-axis) in close physical proximity to
the apical cell membranes of ameloblasts as they back
away from the dentin (Fig. 1) (Nanci and Warshawsky,
1984; Boyde, 1989). The proteins secreted by amelo-
blasts do not form fibers as found in collagen-based hard
tissues (Bai and Warshawsky, 1985; Boyde, 1989; Nanci
et al., 1996), but they can appear as tubules in decal-
cified preparations (Warshawsky, 1971), and they may
have supramolecular associations into nanosphere
structures as described by Fincham et al. (1994b, 1995).

Ameloblasts in rat incisors make enamel in four con-
tiguous layers called the initial, inner, outer, and final
layers (Warshawsky, 1971). The initial and final layers
are the thinnest (~4 um) and correspond to time peri-
ods when ameloblasts produce exclusively interrod
enamel before and after the Tomes processes are
present at their apices (Warshawsky, 1971; Warshaw-
sky et al., 1981). The inner and outer layers comprise
the main thickness of the enamel, and they represent
areas where the shape and three-dimensional trajec-
tory of enamel rods are different as they extend from
the periphery ofthe initial layer to the edge ofthe final
layer of enamel (Fig. 1) (Warshawsky and Smith,
1971). The rods represent groups of mineral crystals
bundled together with their "c-axes" all running par-
allel to the long axes ofthe rods (Fig. 1) (Warshawsky,
1971; Warshawsky et al., 1981).

It is commonly accepted that the Tomes' process (in-
terdigitating portion) of one ameloblast organizes min-
eral crystals in this fashion for one enamel rod (War-
shawsky et al., 1981; Boyde, 1989). The spaces between
rods are filled with interrod material, which is contin-
uous with the initial and final layers and is comprised
of mineral crystals arranged with their "c-axes" at
some angle different from the parallel-to-length ar-
rangement in the rods (Fig. 1) (Warshawsky, 1971;
Warshawsky et al., 1981). The crystals of interrod
enamel are believed to be organized by areas on the cell
membrane of ameloblasts forming a collar around the
bases ofthe Tomes' processes (proximal portions) (War-
shawsky et al., 1981; Nanci and Warshawsky, 1984).
The inner enamel layer on mandibular incisors of rats
is thicker than the outer enamel layer, and the rod
segments are angled by ~50° in an incisal direction
from the dentin surface (Fig. 1) (Risnes, 1979). Inner
rod segments are also arranged in rows within the
transverse axis of the tooth, and alternating rows of
rods are angled by 50° from the dentin surface in al-
ternating mesial and lateral directions (Fig. 1) (War-
shawsky, 1971; Risnes, 1979). This produces a herring-
bone appearance typical of rodent incisor enamel
(Warshawsky, 1971; Warshawsky et al., 1981; Boyde,
1989).
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The outer segments of all rods are thin and straight
and angled incisally by ~20° to the DEJ (Fig. 1) (War-
shawsky and Smith, 1971; Risnes, 1979). The angled
shape ultimately means that the enamel rods on man-
dibular rat incisors are ~1.6 times longer than the lin-
ear thickness of the enamel layer they form (156 um
total vectored rod length for 100 um oflinear thickness
with 115 um incisal rod pitch and ~95 um lateral or
mesial pitch from their origin near the DEJ) (Fig. 1).
Consequently, ameloblasts synthesize and secrete sub-
stantially more matrix proteins to create these angular
rods than if they simply moved away from the dentin
surface and left behind a straight enamel rod. In any
event, the outermost edge of the growing enamel sur-
face is always formed by interrod enamel (interrod
growth site), and for most of the secretory stage of amel-
ogenesis, interrod areas surround rod cavities being
filled-in by the interdigitating portion of Tomes’ process
to a depth up to 30 um from the forming enamel surface
(rod growth site) (Fig. 1) (Warshawsky et al., 1981). It
has been estimated that ameloblasts on mandibular rat
incisors spend ~6.2 days making the initial and inner
layers and ~1.3 days making the outer and final layers
of enamel (~7.5 days total) (Smith and Warshawsky,
1975). This equates to a fairly uniform linear apposi-
tional growth rate of 13.5 um/day for initial and inner
layers and 13.1 um/day for outer and final layers based
on linear increase in the thickness ofthe enamel layer.
However, in terms of vectored (angled) rod length, the
outer portions of enamel rods grow almost twice as fast
at 34.6 um/day as inner portions, which increase in
vectored length at 17.9 um/day (Fig. 1).

The purpose of this report is to investigate system-
atically five general questions concerning dynamic
changes occurring to enamel matrix proteins over the
course of amelogenesis: (1) what are the initial molec-
ular weights of major enamel proteins synthesized by
ameloblasts in vivo? (2) what are the molecular
weights ofthese proteins, and any others that might be
detected by direct radiolabeling with amino acids, sug-
ars, sulfate, and phosphate, when they are first depos-
ited at interrod and rod growth sites? (3) what happens
to the molecular weights and spatial distributions of
these proteins as they age? (4) are any proteins de-

Fig. 1. Schematic drawings: orientation to enamel formation on
mandibular rat incisors. A. The rat incisor is like a human incisor
turned labially at 90° to the eruptive axis. The presecretory (P), secre-
tory (S), and maturation (M) stages of amelogenesis are spread lin-
early across a distance ofabout 18 mm (in 100 g rats) from apical loop
(AL) to gingival margin (GM) on the labial aspect of the tooth. B.
Ameloblasts move away from the mineralized dentin surface and de-
posit an enamel layer by appositional secretion of proteins from their
apical surfaces. The apical surfaces of ameloblasts are initially flat,
but they soon develop extensions called Tomes' processes (TP).
Enamel rods grow from regions near the tips of these processes (RGS),
whereas interrod material is deposited from a collar region around the
bases of the processes (IGS). C and D. Ameloblasts do not move in
straight lines from the dentin surface as they form the enamel layer,
but in rat incisors they move in three planes (1) radial (outward), (2)
incisal (forward), and lateral (side-to-side; mesial or lateral [distal]
direction in alternating rows). This creates enamel rods that have
inner portions angled at 50° and outer portions angled at 20° to the
dentin surface. The enamel rods consequently are ~1.6 times longer
(vectored length) than the linear thickness of the layer they form.
Ameloblasts spend ~7.5 days secreting the enamel layer, and it will
then take ~23 days for a newly secreted layer of enamel to mature
and reach the gingival margin (for rats starting at 100 g body weight).
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graded completely before the secretory stage is com-
pleted? and (5) what proteins, or their fragments, sur-
vive the maturation stage?

MATERIALS AND METHODS
Radioautographic Studies

Thirty-two male Wistar rats (Canadian Breeding
Farms, St-Constant, QC) weighing ~100 g were anes-
thetized with chloral hydrate or sodium phenobarbital
and injected through the external jugular vein with 1
mCi of L-[methyl-’H]-methionine in 100 ul of phos-
phate-buffered saline. The rats were killed by vascular
perfusion of fixative (Smith et al., 1989, 1992) at
various intervals from 2 min to 8 days after injection.
The hemimandibles were removed, decalcified for
14—21 days at 4°C in disodium EDTA, and the incisors
were split into segments and processed for flat embed-
ding in Epon to recreate the entire length ofeach tooth
(Smith, 1974). One-um-thick sagittal sections were cut,
mounted on glass slides, and stained with iron hema-
toxylin. The slides were dipped in Kodak NTB2 liquid
emulsion, exposed for 14 days, and developed.

Morphometric measurements (Fig. 2) and silver
grain counts (see Figs. 2, 3, 5, 9—11) for individual cell
layers of the enamel organ (ameloblasts and papillary
layer cells) and adjacent enamel (up to the EDTA sol-
uble area) were done at consecutive 250 um intervals
along the length of each tooth (69 locations) using a
light microscope (Carl Zeiss Canada, Montreal)
equipped with an addressable stepper stage (Maaz-
hauser, Wetzler, Germany) and solid-state TV camera
(Cohu, San Diego, CA) connected to a 486/66 MHz IBM-
compatible microcomputer. Histological images were
captured from the TV camera with a PIP-1024 frame
grabber (Matrox Graphics, Dorval, QC). The microcom-
puter ran C language software that distinguished sil-
ver grain densities by thresholding within a counting
window precalibrated to 10 um vertical by 20 um hor-
izontal size under a x 100 planapo oil immersion ob-
jective lens (see Fig. 6A). Beginning at a point located
~0.5 mm incisal to the apical loop ofthe incisor (pre-
secretory stage), grain counting cycles on each tooth
consisted of continuous vertical window strip counts in
10-um steps across the thickness of the enamel organ
and enamel layer (when present) followed by sequen-
tial 250-um "horizontal” jumps in an incisal direction
to the next counting position along the length of the
tooth. Duplicate vertical strip counts were always done
with 20-um separation at each counting position (69
locations x 2 = 138 vertical strip counts per tooth).
Right and left mandibular incisors from each rat were
counted (2 x 138 = 276 vertical strip counts per rat)
and there were 2-3 animals per group for each time
interval (2 — 3 x 276 = 552 — 828 vertical strip counts
per time interval). In some cases, raw window data
were summed to give single estimates ofthe number of
silver grains present over individual cell layers of the
enamel organ or the entire enamel at each counting
position per tooth for given time intervals (e.g., Fig. 3
for ameloblasts and enamel). Other analyses were done
by individual windows in relation to specific spatial
locations in ameloblasts (see Fig. 5) orthe enamel layer
(see Figs. 10 and 11). Data management, statistical
analyses, and illustrative graphing were done using
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version 5.0 of STATISTICA for Windows (Statsoft,
Tulsa, OK).

Biochemical Studies

A total of 102 male Wistar rats weighing ~ 100 g were
anesthetized with chloral hydrate and injected via the
external jugular vein with 200 ul of a normal saline
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Fig. 2. Categorization plots by distance across the presecretory (P),
secretory (S), and maturation (M) stages of amelogenesis on mandib-
ular incisors from apical loop (AL) to gingival margin (GM). The top
plot shows the mean thickness (symbol) £ SD (whiskers) for enamel
(open diamonds) and cell layers comprising the whole enamel organ
(solid squares). The middle plot shows mean thickness (symbol) = SD
(whiskers) forameloblasts (solid circle) and papillary layer cells (open
circles) that formthe enamel organ. The bottom plotshowsthe mean
labeling density (symbol; total number of silver grains counted in unit
area windows over a cell layer divided by cell layer thickness) = SD
(whiskers) determined from radioautographs (e.g., see Fig. 6) for
ameloblasts (solid circles) and papillary layer cells (open circles) at 2
min after injection of ‘H-methionine.
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solution containing one of the following radioactive
compounds (Dupont NEN Research Products, Boston,
MA): (1) 0.7 mCi L-[*S]-methionine (SA, 1150 Ci/
mmol), (2) 0.5 mCi L-[methyl-"*C]-methionine (SA, 53.4
mCi/mmol), (3) 0.25 mCi L-["*C(U)]-proline (SA, 284.6
mCi/mmol), (4) 0.25 mCi L-[2-"C]-glycine (SA, 49.2
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mCi/mmol), (5) 0.25 mCi L-["*C(U)]-tyrosine (SA, 497.6
mCi/mmol), (6) 1 mCi L-[”S]-cysteine (SA, 1200 Ci/
mmol), (7) 0.25 mCi ["*C]-N-acetyl-glucosamine (SA, 60
mCi/mmol), (8) 1.4 mCi sulfur-35 radionuclide (*’SO,;
SA, 1050 Ci/mmol), or (9) 1 mCi phosphorus-33 radio-
nuclide (’PO,; SA, 158 Ci/mg). The rats were decapi-
tated at intervals from 1 min to 8 days after injection,
and the hemimandibles were removed, immersed in
liquid nitrogen for at least 5 hours, and freeze-dried at
—55°C for 2 days on a 6 L console lyophilizer (Labconco,
Kansas City, MO). For short intervals with amino acid
precursors (5 min or less), the rats were injected intra-
venously with 0.3 mg cycloheximide (BDH Biochemi-
cals, Montreal) just prior to decapitation to stop any
protein translation (Brion et al., 1992) during the 1-3
min required to remove and freeze the hemimandibles.
In one set of experiments with *’S-methionine, anes-
thetized rats were continuously infused into the peri-
toneal cavity through a 25-gauge Butterfly short cath-
eter (Abbott Laboratories, Montreal) connected to a
syringe pump (Harvard Apparatus, South Natick, MA)
with solutions containing 0 (control), 0.25, 0.5, 1.0, or
2.0 mg brefeldin A per 15 min dissolved in 70% ethanol
(100 ul/15 min). After 15 min of infusion, the rats were
injected via the external jugular vein with 0.7 mCi
*S-methionine, and the infusions were continued for 1
hour before the rats were sacrificed by decapitation.
The enamel organ with adhering labial connective
and underlying enamel layer were cut into a series of
1-mm-long strips on each incisor using a molar refer-
ence line to align the strips to the stages of amelogen-
esis across the length of the tooth (Smith and Nanci,
1989). Each strip was placed in a separate screw-top 1.5
ml microfuge vial, and the proteins were extracted by
boiling in 70 ul of a sample preparation buffer contain-
ing 62.5 mM Tris-HCI (pH 6.8), 2% SDS, 10% glycerol,
5% pB-mercaptoethanol, and 0.01% bromophenol blue
(final concentrations). Fifty-five ul of extraction fluids
from the vials were applied to individual lanes of stan-
dard format (16 cm x 14 cm x 1.5 mm) 5-15% linear
gradient or 12% polyacrylamide slab gels including at
least 1 lane with routine low range molecular weight
markers (Bio-Rad, Mississauga, ON) and another with
3-5 x 10° dpm of “C-labeled molecular weight
marker proteins (Dupont). All proteins were separated

Fig. 3. A. Categorization plot by distance for mean number of silver
grains (symbols) £ SD (whiskers) counted at 2 min (solid circle) and
10 min (open circle) over ameloblasts, and at 10 min over enamel,
following single injections of ‘H-methionine. B. Fluorograph of
5—15% linear gradient polyacrylamide gel showing distribution of
radiolabeled proteins at 2 min after injection of*’S-methionine in
freeze-dried enamel organ cells (EO) cut into 1-mm-long strips. The
strip dissection spans the incisor approximately from distance 2-16
mm as indicated on the abscissa ofthe graph plotted in A. The loca-
tion of the molar reference line (R) (distance 8 mm) is illustrated in
both panels (A and B). At 2 min, strongradiolabeling is evident across
the secretory stage (2-7 [R-1]) in proteins near 57 kDa (a, arrowhead)
and 27 kDa (b, arrowhead). C and D. Fluorographs of 5—15% linear
gradient gels showing distribution ofradiolabeled proteins in 1-mm-
long enamel organ cell strips cut from distance -8 mm (R = 8 mm)
on the incisors of rats at 6 min (C) and 10 min (D) after injection of
*S-methionine. From 2 min (B) to 6 min (C), radiolabeling increases
in all proteins. By 10 min (D), strong radiolabeling is seen in five
groups of proteins near 63, 57 (a, arrowhead), 30, 27 (b, arrowhead),
and 23 kDa.
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