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Abstract. The formation and turnover of sulfated enamel 
proteins was investigated by SDS-PAGE, fluorography, and 
TCA-precipitations using freeze-dried incisors of rats in­
jected intravenously with 35S-sulfate (35SO4) and processed 
at various intervals from 1.6 minutes to 4 hours thereafter. 
Some rats were injected first with 35SO4 followed 5 minutes 
later by 0.3 mg of cycloheximide. This was done to terminate 
protein translation and allow events related to extracellular 
processing and degradation of the sulfated enamel proteins 
to be visualized more distinctly. Other rats were injected 
with cycloheximide followed at 0 minutes (simultaneous in­
jection) to 30 minutes later by 35SO4. This was done to char­
acterize the time required for proteins to travel from endo­
plasmic reticulum to Golgi apparatus, where they became 
sulfated. The results indicated that enamel organ cells (am­
eloblasts) rapidly incorporated 35SO4 into a major ~65 kDa 
protein that was secreted into the enamel within 6-7.5 min­
utes. This parent protein appeared to be processed extracel-
lularly within 15 minutes into major ~49 kDa and ~25 kDa 
fragments which themselves had apparent half-lives of about 
1 and 2 hours, respectively. There were also many minor 
sulfated fragments varying in molecular weight (Mr) from 
~13-42 kDa, which appeared to originate from extracellular 
processing and/or degradation of the parent ~65 kDa sul­
fated enamel protein or its major ~49 kDa and ~25 kDa 
fragments. Experiments with glycosidases further suggested 
that the majority of sulfate groups were attached to sugars 
N-linked by asparagine to the core of the ~65 kDa sulfated 
enamel protein. The sulfated enamel proteins resemble 
acidic glycoproteins previously classified as "enamelins." 
Unlike the enamelins, however, they are short-lived and do 
not appear to survive in enamel as it matures. 

Key words: Enamel — Sulfated glycoprotein — N-linked 
sugar — Rapid degradation — Secretory stage of amelogen­
esis. 

The major secretory product of ameloblasts when they form 
the enamel layer on the crowns of teeth belong to a group of 
relatively low Mr (~30 kDa and below) extracellular matrix 
proteins termed amelogenins (reviewed in [1-4]). These 
enamel-specific globular proteins are easily identified by 
their characteristic amino acid composition, predominately 
hydrophobic nature, and highly conserved N-terminal se­
quence [1-4]; [5-8]. It is presently unclear whether 1, or as 
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many as 4-7, amelogenin proteins are translated from sepa­
rate mRNAs that are alternatively spliced from a single sex-
linked amelogenin gene [2-4, 9-14]. Newly formed amelo­
genins are believed to receive few intracellular posttransla-
tional modifications as they traverse the secretory pathway 
except perhaps for phosphorylation on a single serine group 
[15]. The amelogenins are extensively altered, however, 
once they are released extracellularly [1]. The C-terminal 
ends are apparently removed [3, 7, 16-18], and then the re­
maining large protein fragments are degraded gradually into 
small polypeptides by proteinases within a few days (e.g., 
rats), or months (e.g., human), from the point in time they 
are secreted [4, 18, 19]. The breakdown and loss of amelo­
genins are events associated with maturation of the enamel 
[4]. During this process, thin, ribbon-like crystals of hy-
droxyapatite seeded initially as the enamel layer is created 
by appositional growth, expand in size at the expense of an 
equivalent volume of matrix proteins and water [1, 20, 21]. 
The change from high protein and water content to high 
mineral content transforms the soft, gelatinous, immature 
enamel into one of the hardest biological substances known. 

Ameloblasts are believed to secrete enamel matrix com­
ponents other than just amelogenins and the processing and 
proteolytic enzymes which act on them [2, 4]. The most 
widely described group of so-called nonamelogenins are the 
"enamelins" [2, 22, 23]. These proteins were defined bio­
chemically in 1980 by Termine et al. [24] through differential 
extraction procedures. Enamelins comprise less than 10% of 
proteins isolated from newly formed enamel and are tightly 
bound to the mineral phase [24]. The parent enamelin is near 
70 kDa in apparent Mr, acidic in nature, and contains sugar 
and possibly phosphate groups (phosphorylated acidic gly­
coprotein) [24]. Enamelins seem to be partially degraded 
during maturation leaving lower Mr forms which persist in 
mature enamel [24, 25]. Similar proteins, some with base Mr 
greater than 70 kDa, and various degradative products, have 
been reported in enamelin fractions from many species [2, 
22, 23, 25-28]. A bovine enamelin has been recently cloned 
and sequenced by Deutsch et al. [23]. The protein has a 
deduced Mr near 43.8 kDa and contains five cysteine resi­
dues and one potential glycosylation site. This enamelin was 
called "tuftelin" because its amino acid composition resem­
bles the tuft proteins described by Robinson et al. [29, 30]. 
These proteins, of unknown origin, are typically found in 
high abundance near the dentinoenamel junction [23, 29, 30]. 

In addition to enamelins/tuftelins, there have been re­
ports of an albumin contamination [31] and trace amounts of 
sulfated glycosaminoglycans (proteoglycans) and/or sulfated 
glycoproteins within forming secretory stage enamel [32-35]. 
The biochemical properties and functions of the sulfated 
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molecules are unknown, but existing data suggest that the 
sulfate may be attached to sugar groups [36] which are linked 
to one or more enamel protein components having a Mr near 
~10-25 kDa [36, 37]. Both ameloblasts and stratum interme­
dium cells of the enamel organ apparently incorporate 3 5 SO 4 

[32, 33, 38, 39], but it is the ameloblasts that show the most 
intense radiolabeling in the Golgi apparatus at early times 
after injection [39]. Ameloblasts also show a general drop in 
intracellular radiolabeling at longer time intervals after injec­
tion, paralleling an increase in radiolabeling seen over the 
adjacent enamel [33, 38, 39]. Radiolabeling with 3 5 SO 4 dif­
fuses throughout the enamel layer and decreases over time 
[32, 33, 36, 39, 40]. Hence, the sulfate-containing compo­
nents in enamel appear to be gene products of ameloblasts 
and they appear to be secreted and degraded like other 
enamel matrix proteins [2]. In this study, we attempt to clar­
ify four basic questions about these proteins: (1) Do sulfated 
enamel proteins really exist? (2) If so, what is their approx­
imate Mr shortly after they are secreted? (3) Does their Mr 
remain constant after they are secreted into the enamel 
layer? (4) Is sulfate in these proteins attached to sugar (e.g., 
proteoglycans) or to tyrosine (e.g., osteopontin)? 

Materials and Methods 

Animal Preparation and Injections 

A total of 260 male Wistar rats (Canadian Breeding Farms, St-
Constant QC) weighing 99.8 ± 6.9 g were used. Rats were anesthe­
tized with chloral hydrate (0.4 mg/kg) (Fisher Scientific, Montreal, 
QC) and injected via the right external jugular vein with 0.2 ml of 
normal saline containing either 1.4 or 2.0 mCi 35SO4 (sulfur radio­
nuclide, specific activity, S.A. = ~960 Ci/mg) (Dupont NEN Re­
search Products, Boston, MA), or 0.7 mCi L-[35S]-methionine (35S-
MET; S.A. = ~1134 Ci/mmol) (Dupont NEN). Some rats were 
injected intravenously, first with 35SO4 or 35S-MET, followed 5 min­
utes later by 0.1 ml of a normal saline solution alone (control group) 
or a normal saline solution containing 0.3 mg cycloheximide (exper­
imental group) (BDH Biochemicals, Montreal QC). Others were 
first injected with normal saline (control) or cycloheximide (exper­
imental), followed at 0 minutes (simultaneous injection) to 30 min­
utes thereafter with 35SO4 or 35S-MET. Some rats were given single 
intravenous injections of either (1) 1.0 mCi L-[methyl-3H]-
methionine (S.A. = ~80 Ci/mmol), (2) 0.5 mCi L-[methyl-14C]-
methionine (S.A. = ~53.4 mCi/mmol), or (3) 0.25 mCi L-14C-proline 
(S.A. = ~284.6 mCi/mmol), L-14C-glycine (S.A. = ~49.2 mCi/ 
mmol), or L-14C-tyrosine (S.A. = ~497.6 mCi/mmol) (Dupont 
NEN). 

Strip Dissections 

Anesthetized rats were decapitated at various intervals from 1.6 
minutes to 4 hours after injection of the radioisotope. The hemiman-
dibles were removed, immersed in liquid nitrogen for 18 hours and 
freeze-dried at -55°C for 48 hours on a Labconco 6 L console 
lyophilizer (Labconco, Kansas City, MO). The enamel organ with 
adhering labial connective tissues ("cells") and the underlying 
enamel layer ("enamel") were transected into a series of strips on 
each incisor using a molar reference line as described previously 
[41]. The strips were cut at 1, 2, or 2.5 mm in sagittal length de­
pending upon the experiment (illustrated in Fig. 1D). Each strip was 
removed and placed in a separate 1.5-ml microfuge vial. 

SDS-PAGE and Fluorography 

Proteins were solubilized directly by adding 70 µl/mm sagittal length 
of freshly made reducing sample preparation buffer to each vial. The 
buffer contained 62.5 mM Tris-HCl (pH 6.8), 2% SDS, 10% glycerol, 

5% β-mercaptoethanol, and 0.01% bromophenol blue (final concen­
trations). The vials were sonicated for 5 minutes at 125 watts, boiled 
for 5 minutes and 50 µl of extraction fluids from these vials were 
applied to lanes of 12% standard format (16 cm x 18 cm x 1.5-mm-
thick) polyacrylamide slab gels containing at least one lane of stan­
dard Mr markers (Bio-Rad, Mississauga, ON) and 3 x 103 dpm of 
14C-labeled radioactive Mr markers (Dupont NEN). Where possi­
ble, cell and enamel extracts from the same teeth were run on the 
same gels (Fig. 1A). Proteins were separated at 30 mA/gel constant 
current using a discontinuous system described by Laemmli [42]. 
After electrophoresis, the gels were stained with Coomassie blue 
R-250, soaked in Enhance (Dupont, Mississauga, ON), washed in 
distilled water, and dried onto filter paper. The dried gels were 
placed in cassettes with Kodak Xomat AR film (Kodak, Rochester, 
NY). The films were exposed at - 70°C for 20-40 days (35S-MET) or 
40-80 days (35SO4) and developed (the developed X-ray film is the 
"fluorograph"; e.g., Fig. 1B). In some experiments, proteins were 
extracted under nonreducing conditions (Fig. 1C, NR) using 40 µl/ 
mm sagittal length of an extraction buffer containing 6 M urea, 0.02 
N HC1, and 0.1% SDS (final concentrations). Aliquots of this solu­
tion were mixed with 30 µl/mm sagittal length of a nonreducing 
sample preparation buffer containing 146 mM Tris-HCl (pH 6.8), 
4.6% SDS, and 0.02% bromophenol blue. Fluorographs were then 
prepared as described above following electrophoresis on 12% slab 
gels. Apparent Mr of proteins were estimated from dried gels or 
X-ray films on a Hoefer scanning densitometer using Version 3.01 of 
the GS365W Windows-based software (Hoefer Scientific Instru­
ments, San Francisco, CA). 

Quantitative Estimates of Radioactive Content in Cells 
and Enamel 

In some experiments, 1-mm-long strips of cells and enamel of rats 
injected with 35SO4 or 35S-MET were solubilized for 2 hours at room 
temperature into an extraction buffer containing 6 M urea, 0.2 N 
HC1, 0.1% Triton X-100, and 0.25% bovine serum albumin (BSA) 
(pH 2.2) [43]. A small aliquot of the fluid was taken and mixed with 
Optifluor (Canberra-Packard Ltd., Mississauga, ON), and the total 
radioactivity in each strip was estimated (as disintegrations per 
minute or DPM) using a Beckman Model LS6000SC Beta-Counter 
(Beckman Instruments, Fullerton, CA). An equal volume of cold 
20% TCA was added to the remaining extraction fluid, and the por­
tion of total radioactivity within TCA-soluble and TCA-insoluble 
(precipitate) fractions was determined on the beta-counter [43]. Ex­
periments were repeated at least twice and the data averaged (Figs. 
2, 4, and 5). Statistical analyses were done, and graphs made, with 
Version 4.3 of STATISTICA for Windows (Statsoft, Tulsa, OK). 
Tests for the effects of cycloheximide on turnover of sulfated pro­
teins were done using multivariate analysis of variance (MANOVA). 
Data for a given stage of amelogenesis (e.g., "S2" in Fig. 1D) were 
grouped by treatment (saline versus cycloheximide), source of ra­
dioactivity (total, TCA-soluble, and TCA-insoluble counts), and 
time after injection of 35SO4 (7.5 minutes-4 hours; Fig. 4). P values 
less than 0.01 were considered highly significant. 

In Vitro Incubations 

Five-mm-long strips of freeze-dried secretory stage cells (enamel 
organ; EO) and enamel (EN) (Fig. 1D, pooled S1 + S2) were dis­
sected from the rat incisors 1 hour after injection of 35SO4 and ho­
mogenized at 4°C in 70 µl/mm sagittal length of strip in 160 mM 
phosphate-buffered saline, pH 7.4, containing 0.1% Triton X-100, 50 
U/ml of penicillin, and 50 µg/ml of streptomycin (Sigma Chemical 
Co., St. Louis, MO). The homogenate was dispensed in 58 µl ali­
quots into six vials. An equal volume of x2-concentrated reducing 
sample preparation buffer was added to the first vial, and the re­
maining vials were incubated at 37°C for varying intervals up to 12 
hours. The x2-concentrated reducing sample preparation buffer was 
added to these vials as they were removed from the incubator. Pro­
teins in these samples were then separated by SDS-PAGE on 12% 
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Fig. 1. Composite figure for orientation. (A) Normal Coomassie blue (CB) staining pattern seen following SDS-PAGE on 12% slab gels for 
proteins extracted from enamel organ strips (EO, lanes 1-3) and enamel strips (EN, lanes 4-6) removed from the secretory stage in three rats 
(D, strip S2 only). The arrowhead indicates a 25 kDa band with Mr comparable to radioactive proteins appearing as band 4 in adjacent panels. 
(B and C). Fluorographs of 12% slab gels showing distribution of radiolabeled proteins in enamel organ (EO) and enamel (EN) strips removed 
at sequential locations along the length of rat incisors (Fig. 1D, S1->M3) at 1 hour after injection of 35SO4. The strips for B and C were taken 
from different rats and the proteins for C were processed under nonreducing conditions (NR). Radioactive molecular weight markers (Mr in 
kDa) are shown in lane 1 of B and C [66 (66.2) = BSA, 46 = ovalbumin, 30 = carbonic anhydrase, 18 (18.4) = lactoglobulin A, and 12 (12.3) 
= cytochrome C]. The numbers in the vertical columns correspond to radioactive bands mentioned in the text near the top of the gel (band 
1), near 65 kDa (band 2), near 49 kDa (band 3), and near 25 kDa (band 4). (D) Schematic drawing of an incisor from ~100 g rats illustrating 
average locations for the various zones and regions of amelogenesis across the length of the incisor from apical loop (AL) to gingival margin 
(GM). The average location for morphological reference points in enamel development (EM, enamel matrix visible; NTP, no Tome's 
processes; RV, enamel rods visible; EPS, enamel partially soluble in EDTA; ES, enamel fully soluble in EDTA) and ameloblasts modulation 
(RE, ruffle-ended; SE, smooth-ended) are also indicated. The rectangles at the top of the panel show the approximate location for freeze-dried 
enamel organ and enamel strips taken in apical (S2, S1) and incisal (Ml, M2, M3) directions from a molar reference line (R) as dissected for 
samples shown in B and C. Note that all lanes of the gels in Figures 3 represent strips dissected from region S2 only (different teeth over time) 
whereas those in Figures 6 and 7 represent pooled secretory stage strips (S1 + S2). 

slab gels. The gels were stained with Coomassie blue and processed 
for fluorography (Fig. 6). 

Glycosidase Digestions 

Single 5-mm-long strips of freeze-dried secretory stage cells (EO) 

and EN (Fig. 1D, pooled S1 + S2) were dissected from the rat 
incisors at 1 hour after injection of 35SO4. All proteins in the strips 
were solubilized directly into reducing sample preparation buffer 
and separated by SDS-PAGE on 12% slab gels. The unstained gels 
were sliced and gel pieces containing the radioactive 65 kDa sulfated 
proteins were placed in a Bio-Rad Model 422 Electro-Eluter (Bio-
Rad, Mississauga, ON) and run at 10 mA per tube for 5 hours at 
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Fig. 2. Line plots showing means ± standard deviations of radioac­
tive counts in TCA-insoluble fractions (precipitates) of enamel strips 
(top panel; squares) and enamel organ strips (bottom figure, circles) 
cut sequentially at 1-mm intervals along the length of incisors of rats 
at 3.75 minutes (cell and enamel), 7.5 minutes (cells), or 1 hour 
(enamel) after injection of 35SO4. Distance on the abscissa of this 
figure is the same as for Figure 1D. Cells occupying the secretory 
stage of amelogenesis (distance 2-7 mm) show the highest incorpo­
ration of 35SO4 into proteins (bottom panel). This peaks by about 7.5 
minutes in cells after which radioactive counts start accumulating in 
proteins being secreted into the developing enamel layer (top figure, 
distance 2-7 mm). 

room temperature. Excess SDS and salts were removed from the 
sample by three reverse washes in double-distilled water in Cen-
triprep-10 spin filters (Amicon, Danvers, MA). The partially purified 
65 kDa sulfated proteins were dried in a Speed Vac (Savant Instru­
ments Inc., Farmingdale, NY), resuspended in 60 µl of 50 mM phos­
phate buffer, pH 6.5, containing 50 mM β-mercaptoethanol and 50 
mM disodium EDTA, and boiled for 5 minutes. Ten microliters of 
6% Nonidet P-40 (Pharmacia, Montreal, QC) was added to 20 µl of 
the radioactive protein stock followed by either (1) 30 µl of double-
distilled water (controls, no glycosidases), (2) 1.5 mU (3 µl) of O-gly-
cosidase (endo-α-N-acetylgalactosaminidase; Boehringer Mann­
heim, Montreal, QC), or (3) 1 U (5 µl) of N-glycosidase F (endogly-
cosidase F - N glycosidase F (Sigma). Final volumes for all reaction 
mixtures were 60 µl. Asialofetuin (2 µg) and ovalbumin (1 µg) were 
used as positive controls for O- and N-glycosidase digestions. All 
tubes were incubated for 18 hours at 37°C. After incubation, 15 µl of 
a x4-concentrated reducing sample preparation buffer was added to 
each tube. The tubes were boiled for 5 minutes and the proteins 
were separated again by SDS-PAGE on 12% slab gels. The gels were 
stained with Coomassie blue and processed for fluorography (Fig. 
7). In a separate set of experiments, some aliquots of 35SO4-labeled 
enamel proteins were treated with 50 µg/ml of Pronase (Sigma) in 50 
mM ammonium bicarbonate, pH 8.0, followed by alkaline hydroly­
sis with barium hydroxide. The neutralized supernatants were ex­
amine for the presence of tyrosine sulfate by thin layer electropho­
resis as described by Huttner [44]. 

Results 

Detection of Sulfated Proteins in Enamel Organ Cells and 
Enamel by Fluorography 

Intravenous injections of less than 1 mCi/100 g body weight 
of 3 5 SO 4 gave weak, and sometimes false-negative, results 
for sulfate radiolabeling by proteins in enamel organ cells 
and EN. This problem was eliminated by injecting higher 
doses of 3 5 S O 4 (1.4-2.0 mCi/100 g body weight), but long 
exposure times (40-80 days) still had to be used to visualize 
clearly the 35SO4-labeled proteins by fluorography (Fig. 1). 
In broad terms, cells showed two major radioactive bands 
following 3 5 S O 4 injections (Fig. 1B, bands 1 and 2, EO). The 
first was a very high Mr band located near the top of 12% 
slab gels representing one or more unresolved proteins with 
apparent Mr above ~200 kDa (Fig. 1B, band 1, EO). The 
second radioactive band was found in a position slightly be­
low the level of the BSA marker near 65 kDa (Fig. 1B, band 
2, EO; Mr lane, BSA = 66.2 kDa). The very high Mr radio­
active band was seen in cell homogenates at all stages of 
amelogenesis (Fig. 1B, band 1, EO; lanes S1-M3). The ra­
dioactive band near 65 kDa was present consistently, how­
ever, only within secretory stage cell homogenates (Fig. 1B 
and 1D, band 2, EO; lanes S1, S2, and sometimes faintly 
within Ml). Enamel showed three major radioactive bands at 
time intervals beyond 30 minutes after 3 5 S O 4 injection (Fig. 
1B, EN, bands 2-4). One band near 65 kDa seemed identical 
to the radioactive band present in cell homogenates (Fig. 1B, 
band 2, EN). The other two radioactive bands were located 
near 49 and 25 kDa, respectively (Fig. 1B, bands 3 and 4, 
EN). Radioactive bands in enamel were consistently found 
only within secretory stage homogenates (Fig. 1B, bands 2, 
3 and 4, EN; lanes S1, S2 and sometimes faintly within Ml). 
The mobility of 35SO4-labeled proteins seemed unaltered by 
processing under nonreducing conditions except for the very 
high Mr proteins in cell homogenates which appeared to mi­
grate more easily into the gels under nonreducing conditions 
(Fig. 1C). Of the four radioactive bands (Fig. 1B, bands 1-4), 
only the one near 25 kDa in enamel superimposed on a pro­
tein band routinely visible by Coomassie blue staining (Fig. 
1A, arrowhead). 

Dynamics of 35SO4 Incorporation by Enamel Organ Cells 
and Secretion of 35SO4-Labeled Proteins into Enamel 

Radioactive proteins were detected in TCA-insoluble (pre­
cipitate) fractions from enamel organ cells as early as 1.6 
minutes after injection, but 3 5SO4-labeled protein bands 
were not obvious by fluorography until 3.75-7.5 minutes af­
ter injection (Fig. 2, CELLS; Fig. 3A, bands 1 and 2, EO). 
Secretory stage cells, especially those from the incisal half of 
this zone (S2 in Fig. 1D), incorporated 2-5 times more 3 5 S O 4 

within their TCA-insoluble fractions than cells from other 
locations on the tooth (Fig. 2, CELLS; distance 4-7 mm). A 
peak in radiolabeling within TCA-insoluble fractions of cells 
was reached by 7.5 minutes and remained fairly constant up 
to 4 hours after injection (Fig. 2, CELLS; Fig. 4, CELLS-
PRECIPITATE, right graph, solid circles). In fluorographs, 
the band at the top of the gel appeared to increase in radio­
active intensity from 7.5 minutes to 4 hours and resolve into 
at least two major bands (Fig. 3A, band 1, EO). The band 
near 65 kDa was intensely radioactive at 7.5 minutes and 
only slightly weaker by 4 hours after injection (Fig. 3A, band 
2, EO). Faint radioactive bands were variably present in 
cells at longer time intervals near 100 kDa (Fig. 3A, EO, 
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between bands 1 and 2 at 4 hours), 49 kDa (Fig. 3A, EO, 
band 3 at 2 hours), 25 kDa (Fig. 3A, EO, band 4 at 1-4 
hours), and 18 kDa (Fig. 3A, EO at 2 hours). The amount of 
radioactivity within TCA-soluble fractions of cells was ini­
tially extremely high and decreased by only about 50%, from 
7.5 minute to 4 hours after injection (Fig. 4, CELLS, middle 
graph, solid circles). 

TCA-insoluble fractions from enamel showed no clear 
radiolabeling at 3.75 minutes after injection (Fig. 2, 
ENAMEL, open squares). There was a steady increase in 
total radioactive content at all time intervals thereafter, es­
pecially relative to the incisal half of the secretory stage (Fig. 
2, ENAMEL, solid squares at a distance of 4-7 mm; Fig. 4, 
ENAMEL-PRECIPITATE, right graph, solid squares). In 
fluorographs, weak radiolabeling was first evident in pro­
teins near 65 kDa at 7.5 minutes (Fig. 3A, band 2) and then 
in proteins near 49 kDa, and less so near 25 kDa, at 15 
minutes after injection (Fig. 3A, bands 3 and 4; EN). The 
amount of radioactivity associated with all three bands in­
creased dramatically from 15 to 30 minutes and seemed to 
reach a maximum by 2 hours (Fig. 3A, bands 2, 3 and 4; EN). 
At 4 hours after injection, the intensity of radiolabeling ap­
peared weakest in the band near 65 kDa and strongest in the 
band near 25 kDa (Fig. 3A, bands 2 and 4). This was opposite 
to the pattern seen initially at 30 minutes (Fig. 3A, bands 2 
and 4; EN). From 30 minutes to 4 hours after injection, faint 
to moderate radiolabeling was also seen in several minor 
bands located between 49 and 25 kDa (Fig. 3A, between 
bands 3 and 4) and below 25 kDa (Fig. 3A, below band 4). 
Some very faint radioactive bands were also occasionally 
evident above 100 kDa at 2-4 hours after injection (Fig. 3A, 
above band 2; EN). The amount of radioactivity within 
TCA-soluble fractions from enamel was very low at 3.25 
minutes compared with cells (~10-fold lower) but it in­
creased fourfold from 15 minutes to 2 hours (Fig. 4, 
ENAMEL, middle graph, solid squares). This increase in 
radioactive content of TCA-soluble fractions seemed to par­
allel a large net gain in radioactivity detected within TCA-
insoluble fractions (Fig. 4, ENAMEL, middle and right 
graphs, solid squares). 

Banding Patterns Seen with Radioactive Amino Acids 
Versus 35SO4 

The banding pattern for total radioactive proteins in enamel 
organ cells and enamel was much different for rats injected 
with 3H-, 14C-, or 35S-labeled amino acids compared with 
35SO4 (Fig. 3B for 35S-MET versus Fig. 3A for 35SO4). 
Enamel organ cells of rats given 35S-MET typically showed 
numerous radioactive bands at 7.5 minutes after injection 
(Fig. 3B, EO). The most intense radiolabeling was found in 
a band near 27 kDa (Fig. 3B, arrowhead 3, EO), but fairly 
strong radiolabeling was also seen in bands near 57, 30, and 
23 kDa (Fig. 3B, arrowheads 1, 2, and 4). Faint radiolabeling 
was present in a band near the top of the gels but, unlike rats 
injected with 35SO4, this band changed little in intensity over 
time (Figs. 3A and 3B, band 1, EO). Strong radiolabeling in 
a band near 65 kDa was seen in cells only from 15 to 30 
minutes after injection (Fig. 3A and 3B, band 2, EO). Radio-
labeling in enamel was first evident at 15 minutes after in­
jection of 35S-MET in a band near 27 kDa (Fig. 3B, arrow­
head 3, EN) as well as in faint bands near 65, 30, and 23 kDa 
(Fig. 3B, band 2 and arrowheads 2 and 4; EN). Radiolabeling 
in the band near 65 kDa was strongest at 30 minutes after 
injection but the overall intensity of this band was much less 
compared with the band near 27 kDa which now appeared as 

a doublet (Fig. 3B, band 2 versus arrowhead 3). Radiolabel­
ing was present in a band near 49 kDa at 30 minutes after 
injection and increased to a maximum intensity by 1 hour 
(Fig. 3B, band 3). Radiolabeling was also present in a faint 
band near 25 kDa at 1 hour (Fig. 3B, band 4, arrow). This 
was the only member of the sulfated protein group to show 
radiolabeling beyond 2 hours after injection with radioactive 
amino acids (Fig. 3B, band 4). At 4 hours after injection, the 
most intense radiolabeling with 35S-MET was seen in bands 
near 29, 27 (doublet) and 23 kDa (Fig. 3B, below arrowhead 
2; arrowheads 3 and 4). 

Effects of Cycloheximide on Visualizing Protein Turnover 
in Enamel Organ Cells and Enamel 

A single intravenous injection of cycloheximide caused an 
instantaneous, and absolute, block to the incorporation of 
amino acids by cells of the enamel organ (Fig. 5, top graph 
for 35S-MET). The inhibition of translation of new proteins 
lasted more than 4 hours (data not shown). Sulfation was 
also affected by cycloheximide but it took 20-30 minutes 
before enamel organ cells stopped incorporating 35SO4 (Fig. 
5, bottom graph for 35SO4). Rats allowed 5 minutes to incor­
porate 35SO4 or 35S-MET prior to being injected with cyclo­
heximide showed alterations in the banding patterns for ra­
diolabeled proteins within enamel organ cells and enamel 
especially at time intervals longer than 30 minutes (Fig. 3C 
and 3A for 35SO4; Fig. 3D and 3B for 35S-MET; see open 
symbols in Fig. 4 for animals injected with cycloheximide). 
For example, the intensity of radiolabeling in the 65 kDa 
band from cells in animals given 35SO4 was very weak, and 
largely absent, by 30 minutes in rats given cycloheximide 
(Figs. 3C and 3A, band 2). There was also no increase in the 
intensity of radiolabeling for bands at the top of the gel as 
seen after 15 minutes in control rats (Fig. 3C and 3A, band 
1). In enamel, the radioactive band near 65 kDa was the only 
one seen faintly at 7.5 minutes and it was not present beyond 
30 minutes after injection of 35SO4 (Fig. 3C and 3A, band 2). 
Radioactive bands near 49 and 25 kDa also disappeared by 2 
and 4 hours, respectively (Fig. 3C and 3A, bands 3 and 4). 
The most noticeable change in cellular radiolabeling in rats 
injected with 35S-MET followed 5 minutes later by cyclohex­
imide was a less intense radiolabeling in all bands except the 
one near 27 kDa (Fig. 3D and 3B, arrowhead 3 versus all 
others). In enamel, the radioactive band near 27 kDa was 
seen faintly at 7.5 minutes after injection and it was less 
intense at 15 minutes compared with controls (Fig. 3D and 
3B, arrowhead 3). The band near 65 kDa lost radiolabeling 
by 1 hour rather than by 2 hours, as in controls (Fig. 3D and 
3B, band 2), and the band near 49 kDa showed unchanging 
radiolabeling intensity between 30 min and 1 hour after in­
jection (Fig. 3D and 3B, band 3). 

Changes in Sulfated Enamel Proteins Seen By In 
Vitro Incubations 

Incubations of enamel organ cell and enamel homogenates in 
vitro indicated different inherent potentials to degrade the 
35SO4-labeled proteins (Fig. 6A and 6B). In cell homoge­
nates, radioactive bands near the top of the gel and near 65 
kDa showed a slight loss in intensity of radiolabeling follow­
ing 1 hour of incubation but little change thereafter (Fig. 6A, 
bands 1 and 2). The intensity of radiolabeling in the band 
near 25 kDa appeared to increase during the first hour of 
incubation and decrease thereafter (Fig. 6A, band 4). Some 
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Fig. 3. Fluorographs of 12% slab gels illustrating distribution of radiolabeled proteins over time in enamel organ strips (EO, lanes 2-7 of each 
figure) and enamel strips (EN, lanes 8-13 of each figure) removed from the secretory stage (Fig. 1D, S2 only) of rats injected with 35SO4 (SO4, 
A,C) or 35S-methionine (MET, B,D). Time intervals are 7.5, 15, and 30 minutes and 1, 2, and 4 hours across the 6 lanes for each enamel organ 
(cell)/enamel set shown in A-D. In C and D, the rats were also injected with cycloheximide ( + CX) at +5 minutes after 35SO4 or 35S-MET. 
Mr markers are shown in lane 1 of A-D (see Fig. 1 for explanation). Sulfated enamel proteins (A,C) appear to originate from a 65 kDa parent 
protein (band 2) which undergoes rapid extracellular processing (minutes) into major 49 kDa (band 3) and 25 kDa (band 4) fragments and other 
minor intermediate forms (C). The precursor to the 65 kDa sulfated protein (band 2) may be a protein seen near 57 kDa of rats injected with 
35S-MET (B and D, arrowhead 1). 

radioactive bands were evident near 35 and 38 kDa by 1 hour 
of incubation that were not normally seen in cell homoge-
nates in vivo (Fig. 6A, between bands 2 and 4; compare with 
Fig. 3C). Enamel homogenates, in contrast, showed almost 
complete loss of radiolabeling in bands near 49 and 65 kDa 
after only 1 hour of incubation (Fig. 6B, bands 2 and 3). 
There was an initial sharp increase in radioactive intensity of 
bands near 35 and 38 kDa which gradually faded after 12 
hours of incubation (Fig. 6B, between bands 3 and 4). The 
radioactive intensity of the band near 25 kDa appeared to 
increase slightly after 1 hour of incubation and change little 
thereafter (Fig. 6B, band 4). There were bands below 25 kDa 
that showed a gradual increase in intensity of radiolabeling 
as incubation time increased (Fig. 6B, below band 4). TCA 
precipitations indicated there was a 30% shift of radiolabel­

ing in enamel homogenates from TCA-insoluble to TCA-
soluble fractions over 12 hours of in vitro incubation. Con­
trol samples also indicated that all changes in protein band­
ing patterns resulting from in vitro incubation were 
prevented if the homogenates were either boiled for 5 min­
utes prior to in vitro incubation or if 1-2% SDS was added to 
the incubation buffer (not shown). 

Site of Attachment of the 35SO4 Group in Sulfated 
Enamel Proteins 

Experiments with partially purified 35SO4-labeled 65 kDa 
proteins electroeluted from gels indicated that almost all ra­
diolabeling could be removed with N-glycosidases (Fig. 7A 


