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ABSTRACT The synthesis and secretion of enamel proteins (EPs) in rat inci-
sors was examined using cytochemical and biochemical methods. Radioautography
after injection of *H-methionine showed that ameloblasts in the presecretory,
secretory, and maturation stages of amelogenesis actively synthesized and se-
creted proteins. Immunocytochemistry with an antibody to mouse amelogenins
revealed the presence of EPs in the protein synthetic and secretory organelles of
these cells at all three stages. Labeling was also found in elements of the endoso-
mal/lysosomal compartment. Sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) and silver staining of proteins extracted from enamel and
enamel organ showed several protein bands. However, transfer to nitrocellulose
paper and immunoblotting revealed that most of the proteins recognized by the
antibody were situated between approximately 14 and 32 kDa. EPs were further
characterized by using lectins to examine their carbohydrate content. Lectin-gold
cytochemistry on sections showed the binding of wheat germ agglutinin and Helix
pomatia lectin to secretory stage enamel. Lectin blotting indicated that the ame-
logenins were heterogeneously glycosylated and contained the sugars N-acetyl-
glucosamine/N-acetyl-neuraminic acid and N-acetyl-D-galactosamine. Fluorogra-
phy at 6 and 10 min and 1 h after injection of **S-methionine revealed four labeled
bands in the main amelogenin group near 22, 28, 30, and 32 kDa. A short-lived
protein of approximately 58 kDa was also observed primarily in cells. The appear-
ance of labeled proteins in enamel was paralleled by their disappearance from cells
and the intensity of the radiolabeled protein bands, both in enamel and in cells,
decreased towards the maturation stage. These data are consistent with the con-

cept that ameloblasts produce multiple amelogenins throughout amelogenesis.

Enamel is first produced as a protein-rich, partially
mineralized, organic matrix that appears to participate
in the mineralization process as soon as it is secreted.
This matrix, unlike those of other calcified tissues such
as dentin or bone, does not form a distinct layer of an
unmineralized prematrix (Nanci and Warshawsky,
1984a). Furthermore, most of the original proteins and
their degradation products are ultimately lost as
enamel undergoes final mineralization (for reviews,
see Glimcher et al., 1977; Frank, 1979a; Leblond and
Warshawsky, 1979; Smith, 1979; Deutsch et al., 1984;
Robinson and Kirkham, 1985; Warshawsky, 1985;
Smith et al., 1989).

The formation of enamel has been divided into three
major stages: 1) the presecretory stage during which
the ameloblasts prepare to synthesize and secrete the
organic matrix; 2) the secretory stage during which
the matrix is secreted and the entire thickness of the
enamel layer is laid down; and 3) the maturation stage
where the ameloblasts stop secreting matrix compo-
nents and where changes in their morphology corre-
late with the loss of matrix proteins (Suga, 1959;
Reith, 1970; Warshawsky and Smith, 1974; Leblond
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and Warshawsky,
1985).

The organic matrix of enamel consists mainly of pro-
teins (Eastoe, 1979) and lipids (Prout et al., 1973). It is
currently believed that there are two major families of
enamel proteins (EPs); low molecular weight amelo-
genins and high molecular weight enamelins (Termine
et al., 1980). Biochemical analysis of carbohydrates in
enamel has shown the presence of various sugar resi-
dues (Seyer and Glimcher, 1969; Elwood and Apostol-
opoulos, 1975). Both amelogenins and enamelins ap-
pear to be glycosylated, but the enamelins seem to
contain a higher amount of certain sugar residues (Ter-
mine et al., 1980). Recently, Menanteau et al. (1988),
using lectin blotting, also showed the presence of sug-
ars in various enamelins.

1979; Robinson and Kirkham,
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The amelogenins predominate in forming enamel
matrix and constitute a diverse group of proteins (for
review, see Fincham and Belcourt, 1985). Alternative
or differential splicing of the mRNA (Shimokawa et al.,
1987a; Snead and Lau, 1987; Young et al., 1987), post-
translational modifications (Fincham and Belcourt,
1985), and extracellular proteolytic activity (Suga,
1970; Moe and Birkedal-Hansen, 1979; Shimizu et al.,
1979; Carter et al., 1984; Crenshaw and Bawden, 1984,
Robinson et al., 1984; Menanteau et al., 1986; Smith et
al., 1989) have all been proposed to account for their
diversity. Attempts to characterize the original amel-
ogenin molecules have focused on the characterization
of the amelogenin cDNA (Snead et al., 1985;
Shimokawa et al., 1987b) and cell-free translation
products (Slavkin et al., 1982a; Shimokawa et al.,
1984; Zeichner-David et al., 1984, 1985; Snead and
Lau, 1987), and on biosynthetic studies (Sasaki and
Shimokawa, 1979; Lyaruu et al., 1982; Slavkin et al.,
1982b; Zeichner-David et al., 1983; Strawich and Glim-
cher, 1985). Even though the data reported in these
studies showed some variation, and a proenamel-
enamel protein conversion has also been postulated
(Chrispens et al., 1979), it is generally agreed that
there is at least one original amelogenin with a molec-
ular weight between 25 and 30 kDa.

Recent studies in rodents have shown that the syn-
thesis and secretion of EPs are not restricted to the
secretory stage, but also occur during the presecretory
(Slavkin et al., 1988) and maturation stages (Nanci et
al., 1987a). Some of these proteins also appear to be
degraded throughout amelogenesis (Robinson and
Kirkham, 1985; Smith et al., 1989). Based on these new
data, we have reinvestigated the synthesis and secre-
tion of EPs in the rat incisor using cytochemical and
biochemical methods. We have directed our attention
toward the amelogenins because they represent the
predominant species of EPs and their extraction ap-
pears to be favored by our biochemical procedures (see
companion paper by Smith et al., 1989).

MATERIALS AND METHODS
Radioautographic Studies

Radioautographic studies were performed as de-
scribed previously (Nanci et al., 1987a). Briefly, male
Wistar rats (100-110 g; Charles Rivers Canada, St.-
Constant, Quebec) were injected via the external jug-
ular vein with 0.1 ml of a normal saline solution con-
taining 1 mCi of [methyl-*H]-L-methionine (s.a. 80
Ci/mM; Dupont NEN, Boston, MA). After 6 min the
rats were injected via the opposite external jugular
vein with 0.1 ml of a normal saline solution containing
an excess of unlabeled L-methionine (Sigma Chemical
Co., St. Louis, MO). The rats were killed in pairs at 10
min, 1 hr, and 4 hr after the initial injection of radio-
active tracer by perfusion via the left ventricle with
either paraformal dehyde followed by glutaraldehyde or
glutaraldehyde alone. The mandibles were then decal-
cified in disodium EDTA (Warshawsky and Moore,
1967), and segments of incisors were made and split in
half (Smith, 1974). The hemisegments were postfixed
in potassium ferrocyanide reduced osmium tetroxide
(Karnovsky, 1971), dehydrated in graded ethanol and
propylene oxide, infiltrated, and flat embedded with
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Epon substitute (MECA Laboratories, Montreal, Que-
bec). Glass slides containing |-|um-thick sections
stained with Regaud's hematoxylin were dipped in
Kodak NTB2 liquid emulsion, exposed for 14 days, and
developed (Kopriwa and Leblond, 1962).

Immunocytochemical Studies

The preparation of tissues and incubation conditions
for the immunocytochemical labeling were essentially
as described previously (see review by Nanci et al.,
1987b). Briefly, male Wistar rats (90-105 g) were fixed
by intracardiac perfusion with 1% glutaraldehyde. The
mandibles were removed and decalcified in disodium
EDTA (Warshawsky and Moore, 1967). The incisors
with surrounding alveolar bone were subdivided into
segments and split in half (Smith, 1974). The hemiseg-
ments were postfixed with potassium ferrocyanide re-
duced osmium tetroxide (Karnovsky, 1971), dehy-
drated in graded acetone, infiltrated, and flat
embedded in Epon 812 substitute. Thin sections of se-
lected areas were cut and mounted on formvar-carbon-
coated nickel grids.

For immunocytochemical labeling, the sections were
treated with sodium metaperiodate and incubated with
arabbit polyclonal antibody against 16-20 KDa mouse
amelogenins (courtesy of H.C. Slavkin; Slavkin et al;
1982b) followed by protein A-gold complex. The com-
plex was prepared as described by Bendayan (1984)
using colloidal gold particles of approximately 15 nm
diameter (Frens, 1973). The sections were then stained
with uranyl acetate and lead citrate. Controls consisted
of sections incubated with 1) antibody that had been
exposed to an excess of amelogenin, 2) preimmune se-
rum, or 3) protein A-gold alone (see Nanci et al., 1985).
The specificity of the antibody used in this study has
been documented elsewhere (Slavkin et al., 1982b), and
it has been found to cross-react with amelogenins and
enamelins derived from the mouse as well as a variety
of other mammalian species (Slavkin et al., 1982z
Snead et al., 1983; Slavkin et al., 1984; Zeichner-David
et al., 1985, 1987).

Lectin Cytochemistry

Male Wistar rats (100-110 g) were anesthetized with
chloral hydrate (Sigma Chemical Co., St. Louis, MO)
and perfused through the left ventricle with lactated
Ringer's solution (Abbott, Montreal, Quebec) followed
by 1% glutaraldehyde in 0.08 M sodium cacodylate
buffer, pH 7.3, for 20 min. The mandibles were dis-
sected and immersed in fresh fixative for 1 hr at 4°C.
They were then decalcified in 4.13% disodium EDTA
(Warshawsky and Moore, 1967) for 14-21 days and ex-
tensively washed in 0.1 M sodium cacodylate buffer
containing 5% sucrose, pH 7.3. Segments of incisors
from the region of inner enamel secretion (War-
shawsky and Smith, 1974) were dehydrated in metha-
nol and embedded in Lowicryl K4M (Chemische Werke
Lowi, Waldkraiberg, FRG) (Bendayan et al., 1987). Tis-
sue sections were cut with a diamond knife and recov-
ered on formvar-carbon-coated nickel grids.

Lectin-gold complexes were prepared as described by
Roth (1983) using colloidal gold particles of approxi-
mately 15 nm diameter (Frens, 1973). Helix pomatia
lectin (HPL), specific for N-acetyl-D-galactosamine
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(GalNAc), was directly coupled to colloidal gold at a
concentration of 10-20 pg of lectin per milliliter of
colloidal gold. Wheat germ agglutinin (WGA), specific
for N-acetyl-glucosamine (GIcNAc) and N-acetyl-
neuraminic acid (NeuNAc), was used at a dilution of
25-50 pg/ml of 0.01 M phosphate-buffered saline
(PBS), pH 7.2, and indirectly revealed by using ovomu-
coid-gold complex. This latter complex was prepared at
a concentration of 10 ug/ml of colloidal gold.

The grid-mounted tissue sections were floated on ei-
ther 1) HPL-gold for 60 min or 2) WGA for 60 min
followed by ovomucoid-gold for 30 min. Control grids
were incubated with the lectins in presence of 0.4 M of
their respective competing saccharides. They were
then washed with distilled water and stained with 4%
agueous uranyl acetate and Reynold's lead citrate. The
lectins, ovomucoid, and competing saccharides were
purchased from Sigma Chemical, St. Louis, MO.

Biochemical Characterization of EPs
SDS-PAGE

Sequential 1 mm strips of secretory and maturation
stage incisor enamel organ and underlying enamel
from male Wistar rats weighing about 100 g were dis-
sected using an imaginary reference line passing be-
tween the first and second molars and perpendicular to
the labial surface of the incisor (Fig. 1; Smith and
Nanci, 1989; Smith et al., 1989). The proteins were
extracted as described by Smith et al. (1989) using ei-
ther PBS-Triton X-100 or physiological saline to which
was added an equal volume of sample preparation
buffer containing 30% glycerol, 20% B-mercaptoetha-
nol, 2% SDS, 0.02% bromophenol blue, and 0.1 M Tris,
pH 6.8. The extracted proteins were separated by elec-
trophoresis on either 12% slab or 5-15% linear gradi-
ent SDS-polyacrylamide gels (Laemmli, 1970). After
electrophoresis, the gels were either silver stained

Abbreviations
A amel obl ast
Ap ameloblast process
BM basement membrane
D dentin
E enamel
G Golgi apparatus
hr hour
HPL Helix pomatia lectin
M maturation stage
m mitochondria
min minutes
mv matrix vesicle
mvb multivesicular body
n nucleus
o odontobl ast
Odp odontoblast process
PL papillary layer
PS presecretory stage
rER rough endoplasmic reticulum
rb ruffled border
S supranuclear compartment
S secretory stage
Sy secretory granule
tp Tomes—process
WGA

wheat germ agglutinin
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Hg. 1. Schematic representation of the mesid sde of a rat left
hemimandible showing the incisor and the proportional length of the
presecretory (PS), secretory (S), and maturation (M) stages of amelo-
genesis (Smith and Warshawsky, 1975). The divison between the
Secretory and maturation stages can be approximated kg/ aline pass-
|gg_ between the first and second molars nad perpendicular to the
'19é5") surface of the incisor (Smith and Nanci, 1989; Smith et a.,

(Wray et al., 1981) or used for immunoblotting, lectin
blotting, or fluorography.

Immunoblotting

For immunoreplica experiments, proteins were elec-
trophoretically transferred from gels onto nitrocellulose
paper (0.45 um pore size; Schleicher and Schuell, Inc.,
Keene, NH) in aHoefer TE 52 Transfer Electrophoresis
Unit (Hoefer Scientific Instruments, San Francisco,
CA) using a modification of the method of Towbin et al.
(1979). A voltage gradient of 3-4 V/cm was applied
overnight (12-16 hr) followed by 10 V/cm for 1-2 hr, all
at 4°C. Blots were processed for immunostaining with
anti-amelogenin antibody (courtesy of Dr. H.C.
Slavkin) as described by Ahluwalia et al. (1988).

Lectin blotting

The proteins in a 2-mm-long strip of enamel, imme-
diately apical to the molar reference line (see Fig. 1; late
secretory stage), were extracted in 0.05 M PBS-0.01%
Triton X-100 for 1 hr at room temperature (RT) followed
by 5 hr at 4°C. Extraction was continued overnight at
4°C after the addition of an equal volume of sample
preparation buffer. Samples were boiled for 3 min and
used for SDS-PAGE on 12% polyacrylamide gels. Fol-
lowing separation, enamel proteins were electrotrans-
ferred to 0.45 um nitrocellulose paper at a voltage gra-
dient of 7 V/cm for 3-4 hr followed by 10 V/cm for 2 hr.
The blots were preincubated for 30 min at RT in 0.2
pm-pore nitrocellulose-filtered polyvinylpyrrolidone-
Tris-buffered saline [PVP-TBS; 150 mM NaCl, 50 mM
Tris-HCI, pH 7.4, and 2% polyvinylpyrrolidone (average
molecular weight 40,000)] as described by Bartles and
Hubbard (1984). They were then incubated with the
biotinylated lectins at a concentration of 20 pg/ml of
PVP-TBSfor 1 hr at RT, washed with PVP-TBS, blocked
with TBS containing 3% bovine serum albumin (BSA;
Fraction V: 96-99% pure) for 30 min at RT, followed by
a 30 min incubation a RT with avidin-
biotin-peroxidase complex (Vector Laboratories, Burl-
ingame, CA). After washing with TBS, they were
stained for peroxidase using 4-chloro-1-naphthol as the
substrate. Control blots were incubated with the lectins
in the presence of competing saccharides: 0.2 M GIcNAc
foo WGA and 02 M GalNAc for HPL. (The PVP
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the biotinylated lectins, the competing saccharides, the
BSA were obtained from Sigma Chemical Co., St.
Louis, MO.)

Fluorography

Proteins were extracted from 1-mm strips of enamel
and enamel organ dissected from the incisors of rats
injected with 3*S-methionine and processed for SDS-
PAGE and fluorography as described by Smith et al.
(1989). For the present study, animals were sacrificed
at 6 and 10 min and 1 hr following injection.

RESULTS
Radioautographic Analysis

At 10 min after injection of *H-methionine, silver
grains were distributed throughout the cytoplasm of
presecretory stage ameloblasts (Fig. 2A). Few grains
were present over the forming dentin matrix adjacent
to the ameloblasts. In the secretory (Fig. 2B) and mat-
uration (Fig. 2C) stages, the radioautographic reaction
appeared concentrated over the Golgi region. The apex
of the ameloblasts, as well as the enamel, in both of
these stages showed few silver grains (Fig. 2B,C).

By 1 hr, silver grains were still present over the
ameloblasts, and in all three stages there was a reac-
tion over the extracellular matrix adjacent to these
cells (Fig. 2D-F). In the presecretory stage, although
some radiolabeled material was present throughout
the developing dentin matrix there seemed to be silver
grains accumulating near the ameloblasts (Fig. 2D). In
the secretory stage, grains were now seen over Tomes'
processes and the surrounding enamel (Fig. 2E). The
apex (smooth or ruffled-border) of maturation stage
ameloblasts, as well as the enamel near the cells, were
aso labeled (Fig. 2F).

Four hours after injection, fewer silver grains were
present over the supranuclear compartment and apex
of secretory (Fig. 2H) and maturation (Fig. 2I) stage
ameloblasts. Grains were now present over previously
unlabeled areas of enamel at a distance from the cells
(Fig. 2H,1). In the presecretory stage (Fig. 2G), al-
though fewer grains were seen over the ameloblasts,
the reaction over the forming dentin matrix did not
appear much different than at 1 hr.

Immunolocalization of EPs in Differentiating Ameloblasts

In the presecretory stage, gold particles were ini-
tially observed over dispersed granular material or fil-
amentous stuctures related to the basement membrane
separating the differentiating ameloblasts and odonto-
blasts (Fig. 3). When the basement membrane was in-
terrupted by ameloblasts' processes, patches of immu-
nolabeled granular material were now seen (Fig. 4).
Granules resembling matrix vesicles were present in
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these regions (Fig. 4). Following the disappearance of
the basement membrane, the labeled patches appeared
more abundant and eventually seemed to giverise to a
continuous layer of initial enamel (Figs. 5-7). No
"crystal ghosts' (Bonucci, 1969) or "electron lucent
clefts" (Warshawsky and Vugman, 1977), indicative of
crystal formation, were observed in the patches from
these demineralized specimens (Figs. 3-6). The protein
synthetic and secretory organelles, as well as lyso-
somes, of these presecretory ameloblasts were also im-
munoreactive (Figs. 5, 8).

Biochemical Characterization of EPs
Enamel matrix

Silver staining of proteins extracted from sequential
enamel matrix strips and separated on 5—15% linear
gradient SDS-polycrylamide gels showed several pro-
tein bands below 32 kDa (Fig. 9A). The intensity of
staining of some of the proteins below 22 kDaincreased
toward the maturation zone (Fig. 9A). In samples
taken from the early maturation stage, proteins be-
tween 28 and 32 kDa appeared to be faint or were
absent (Fig. 9A). By immunoblotting many of the pro-
teins between 14 and 32 kDa reacted with anti-ame-
logenin antibody (Fig. 9B). Occasionally, afaint immu-
nostaining was also seen near 66 kDa (Fig. 9B).

Enamel organ

Proteins extracted from sequential enamel organ
strips and separated on 5-15% linear gradient poly-
acrylamide gels, followed by silver staining revealed a
multitude of low and high molecular weight protein
bands ranging from 10 to approximately 120 kDa (Fig.
10A). Of all these protein bands, only some between 14
and 32 kDa were reactive to the anti-amelogenin anti-
body on immunoblots (Fig. 10B). While most of the
protein bands visualized on immunoblots showed little
or no change during the secretory stage, the immunos-
taining of the band near 18 kDa increased toward the
maturation stage (Fig. 10B).

Lectin Studies

Binding sitesfor WGA (Fig. 11A) and HPL (Fig. 11C)
were found in secretory stage enamel, indicating the
presence of GIcNAc/NeuNAc and GalNAc, respec-
tively. When control incubations with competing sac-
charides were carried out, the labeling was substan-
tially reduced showing the specificity of the lectin
binding (Fig. 11B,D). Qualitatively speaking, WGA
showed more binding to enamel than HPL. The nature
of the lectin reactive material was further investigated
by lectin blotting. Proteins extracted from late secre-
tory stage enamel samples, separated on 12% SDS-
polyacrylamide gels, transferred to nitrocellulose pa-

Fig. 2. Light microscope radioautographs showing the distribution
of silver grains over ameloblasts (A), and developing enamel (E) and
dentin (D) matrices in the presecretory, secretory, and maturation
stages at 10 min, 1 hr, and 4 hr after an intravenous injection of
3H-methionine. At 10 min, silver grains appear dispersed throughout
the cytoplasm of presecretory stage ameloblasts, probably because the
cells depicted have not yet polarized (A). In both secretory (B) and
maturation (C) stages, ameloblasts show a distinct supranuclear (s)
reaction in the region of the Golgi apparatus (G). At 1 hr, the dis-

persed cytoplasmic reaction is still present in the presecretory stage
(D), while in the secretory (E) and maturation stages (F), the supra-
nuclear reaction has moved. In all three stages silver grains are now
accumulated at the apex of the ameloblasts and over the extracellular
matrix immediately adjacent to the cells. At 4 hr in the presecretory
stage (G), the reaction resembles that at the 1 hr time interval. In the
secretory (H) and maturation (I) stages, the radioactive proteins se-
creted by the ameloblasts have started to diffuse throughout the
enamel layer. All radioautographs were exposed for 14 days. x400.
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Fig. 2.



