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Abstract. The reason for the presence of albumin and other
serum, cytoskeletal, cytosolic, and extracellular matrix pro-
teins in enamel fractions was investigated by immunoblot-
ting using homogenates prepared from freeze-dried and
freshly dissected rat incisors, and antibodies capable of re-
solving at least 1 ng of the primary antigen. The data indi-
cated that most of the 16 antibodies examined in this study
reacted with antigens present only within "cell” homoge-
nates (enamel organ cells + adhering labial connective tis-
sue and blood vessels). One exception was rat serum albu-
min which was detected routinely in enamel homogenates
prepared from freshly dissected, wiped incisors but rarely
within enamel homogenates prepared from freeze-dried in-
cisors. Another exception was calbindin-D 28 kDa which
was consistently found within secretory stage enamel ho-
mogenates irrespective of preparative technique. A third ex-
ception was enamel proteins (amelogenins) which were en-
riched in secretory and early maturation stage enamel ho-
mogenates compared with cell homogenates and distributed
as multiple molecular weight, antigenic bands in enamel ho-
mogenates (14-30 kDa), but mostly as a single antigenic band
in cell homogenates (near 27 kDa). Overall, the results of this
study suggest that developing rat incisor enamel naturally
contains few exogenous proteins such as albumin. High con-
centrations of albumin (or other serum proteins) in crude
homogenates, or purified fractions, derive mostly from
blood and/or tissue fluids soaking into the enamel during
sample preparation. This type of artifact can be avoided by
using freeze-dried teeth for biochemical analyses.

Key words: Enamel proteins — Amelogenin — Ameloblasts
— Albumin — Immunoblotting.

Extracellular enamel transforms from an organic-rich matrix
during the secretory stage into a highly mineralized layer by
the end of the maturation stage of amelogenesis (reviewed in
[1-4]). The structural matrix proteins produced and exported
by ameloblasts throughout the secretory stage are generally
classified into two groups termed amelogenins and ename-
lins (tuftelins/non-amelogenins) (reviewed in [1-6]). The
amelogenins comprise the largest quantity of proteins se-
creted by ameloblasts [5]. They are relatively small in size
(—6.5-30 kDa), predominately hydrophobic in nature, and
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appear to undergo few posttranslational modifications in tra-
versing the secretory pathway [1-3, 7, §]. The amelogenins
are, however, substrates for various extracellular processing
and degradative enzymes which progressively cleave poly-
peptides from the parent molecule thereby altering physical
properties such as molecular weight, solubility, and binding
with the mineral phase [2, 3, 7, 9-15]. There is still much
controversy over the enamelins (tuftelins/non-amelogenins)
[2, 5, 6, 16-21]. Termine et al. [5] described enamelins as
relatively stable, acidic glycoproteins with parent molecular
weight near 70 kDa. These negatively charged (acidic) pro-
teins were suspected of being phosphorylated and possibly
playing some role in inducing mineralization or acting as
regulators to growth of hydroxyapatite crystals that typically
occurs as part of the maturation process in enamel [2, 3, 5,
18, 22]. However, inconsistencies in the biochemical nature
of proteins reported as enamelins [6, 19], and findings that
some biochemical fractions originally thought to be almost
pure enamelins actually consisted mostly of albumin, a,-HS
glycoprotein, and vy-globulin and/or their degradation prod-
ucts [23-25], have raised concerns about what class of pro-
teins constitute true enamelins. The frequent presence of
serum proteins in enamel fractions has also raised questions
about whether these proteins routinely form part of the mi-
croenvironment within which enamel crystals grow [23, 26,
27].

The purpose of this study was to determine if proteins not
normally considered transcribed gene products of amelo-
blasts, such as albumin [28], or secretory products of ame-
loblasts, such as actinin (reviewed in [6]), are natural com-
ponents of the extracellular enamel matrix or if they are
detected as a consequence of tooth preparative procedures.
Our data suggest that small amounts of soluble proteins such
as albumin are invariably forced into the enamel during wet
tissue dissections. This type of artifact can be avoided by
freeze-drying the teeth prior to removing the enamel organs.

Materials and Methods

Sample  Preparation

Male Wistar rats weighing 95 + 5 g (Charles Rivers Canada, St.-
Constant PQ) were anesthetized with ether and decapitated. The
hemimandibles were removed and the bony caps covering the inci-
sors were dissected quickly to the level of the cemento-enamel junc-
tions. In most experiments, the hemimandibles were immediately
plunged into liquid nitrogen and immersed for at least 5 hours before
freeze drying for 48 hours at -55°C. Strip dissections of the freeze-
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dried enamel organ cells and underlying enamel were then done
from a molar reference line [29] (1) in an apical direction to obtain
5-mm-long pieces of secretory stage cells and enamel and (2) in an
incisal direction to obtain 3-mm-long pieces of early maturation
stage cells and enamel. In some experiments, fresh enamel samples
were prepared by wiping enamel organs from tooth surfaces with
gauze pads moistened in ice-cold 0.9% saline. Pieces of secretory
and maturation stage enamel were then dissected from the molar
reference line as described for freeze-dried incisors. After the dis-
sections, the cell and enamel pieces were placed in separate 1.5 ml
microfuge vials and constituent proteins were extracted directly into
200 pl of a sample preparation buffer containing 0.0625 M Tris-HCl
(pH 6.8), 2% SDS, 10% glycerol, and 5% B-mercaptoethanol [10].
The vials were boiled for 5 minutes, then cooled, and the proteins
were separated by electrophoresis. In one experiment, enamel or-
gans were dissected from freeze-dried incisors and a thin gold coat
was sputtered onto the exposed enamel surfaces. The incisors were
then examined at 10 kV in a JEOL JSM 6300F scanning electron
microscope (Fig. 4). Laminin extract (Fig. 3) was purchased from
Bethesda Research Laboratories (Bethesda MD; Cat# 6260LA).
Bone extract (Fig. 3) was prepared as described by Gotoh et al. [30].
Whole kidney extract (Fig. 3) was prepared at 20% weight/volume
ratio from kidneys homogenized in 0.25 M sucrose imidazole buffer
(pH 7.4) and filtered through two layers of cheesecloth.

Preparation of Chicken FEgg Yolk Polyclonal Antibody

A 24 kDa enamel protein fraction was obtained from 80 mandibular
rat incisors by cutting bands from polyacrylamide gels and eluting
proteins in gel slices with a Bio-Rad Model 422 Electro-Eluter (Bio-
Rad, Mississauga ON). After elution, the protein fraction was
washed three times with double distilled water (ddH,0) and con-
centrated into a smaller volume with Centriprep-10 concentrators
(Amicon Canada Ltd., Oakville ON). The amount of protein in the
final solution was estimated by fluorescamine assay [31]. A poly-
clonal antibody was raised in chickens and purified from egg yolks
using the procedure of Gassmann et al. [32]. Briefly, 450 pg of the
purified 24 kDa enamel protein fraction was subdivided into one
initial injection, emulsified in complete Freund's adjuvant, and two
booster injections, emulsified in incomplete Freund's adjuvant.
Eggs were collected before injections (preimmune controls) as well
as 1 week after the last booster injection. The whole IgY fraction
was extracted from the yolks by polyethylene glycol precipitation
[32]. The sensitivity and specificity of the antibody was tested by
immunoblotting.

Trypsin and CNBr Digestion of Rat Serum Albumin (RSA)

Trypsin digestion of RSA (Fig. 1A, lanes 1-4) was done by adding 1
pl of a 2 mg/ml Type 111 TPCK-treated trypsin stock solution (Sigma
Chemical Co., St. Louis MO) to 100 ul of 2 mg/ml RSA stock so-
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Fig. 1. Western blots (12% slab gels);
molecular weight (in kDa) indicated at left
side of figure. Panel (A) RSA samples
incubated with anti-RSA antibody; lanes 1-4,
trypsin digests of RSA; lane 5, CNBr digest of
RSA; lane 6, intact RSA. Panels (B-D) Whole
protein extracts from freeze-dried enamel
organ cells (lanes 2 and 3) and enamel (lanes
4 and 5) incubated with antibodies against
a,HS-glycoprotein (B), transferrin (C), and
RSA (D); lane 1, whole rat serum (B), purified
transferrin (C), and purified RSA (D); lanes 2
and 4, secretory stage; lanes 3 and 5, early
maturation stage. Panel (E). Whole enamel
protein extracts from freshly dissected, wiped
incisors incubated with anti-RSA antibody;
lane 1, secretory stage; lane 2, early
maturation stage.

lution. The final volume of the reaction mixture was adjusted to 200
pl with 0.1 M Tris-HCl buffer (pH 8.0) containing 10 mM CacCl,. The
mixture was placed in an incubator at 37°C. Sequential 50 pl aliquots
were removed at 5, 10, 30, and 60 minutes thereafter. Each aliquot
was dispensed into separate microfuge vials and mixed immediately
with 50 pl of a double concentrated sample preparation buffer. The
vials were placed in a boiling water bath for 5 minutes and cooled,
and the proteins were separated by electrophoresis on 12% slab gels.
Cyanogen bromide digestion of RSA (Fig. 1A, lane 5) was done as
described by Gross and Witkop [33] using 318 pg of cyanogen bro-
mide (Sigma) added to 660 ul of a 10 mg/ml stock RSA solution
(Sigma) and 200 pl of 1 N HCI. The volume of the final reaction
mixture was adjusted to 2 ml with ddH,0. The mixture was shaken
for 24 hours at 4°C, freeze-dried, and resuspended in sample prep-
aration buffer.

SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) and
Western Blotting

Proteins were separated on regular format (14 x 16 cm) 12% slab or
5-15% linear gradient gels using a discontinuous system described
by Laemmli [34]. For Western blotting studies, 30 pg of cell ho-
mogenates, 20 pg of enamel homogenates, and 2 pg of RSA, bovine
serum albumin (BSA), and/or transferrin were separated by electro-
phoresis and the proteins were transfered onto 0.45 um S & S ni-
trocellulose membranes (Xymotech Biosystems, Montreal PQ) at
4°C and 400 mA constant current for 2 hours in a Genus Electro-
transfer unit (IDEA Scientific Company, Minneapolis MN) [35]. The
nitrocellulose membranes were blocked for 1 hour at room temper-
ature with 5% skim milk (Carnation; Nestle, Don Mills ON) in Tris
buffered saline (TBS) (10 mM Tris-HCI buffer at pH 7.4 and 150 mM
NaCl), and subsequently washed three times with TTBS (TBS con-
taining 0.05% Tween-20). They were then incubated for 2 hours at
room temperature with one ofthe primary antibodies listed in Table
1 diluted in TTBS containing 2% skim milk. The membranes were
washed three times for 5 minutes each in TTBS/skim milk buffer and
incubated for 2 hours at room temperature with one of the secondary
antibodies listed in Table 2 conjugated to alkaline phosphatase. The
reaction was visualized by incubating the membranes in glycine-
NaOH buffer (50 mM glycine at pH 9.6 and 4 mM MgCl,) containing
0.1 mg/ml nitro blue tetrazolium (Sigma) and 0.05 mg/ml 5-bromo-
4-chloro-3-indolyl phosphate (ICN Biochemicals Canada Ltd., Mis-
sissauga ON). The reaction was stopped by rinsing the membranes
in ddH,0.

Slot  Blotting

In one set of experiments, single 100 pl aliquots of a solution con-
taining 0, 1, 5, 10, 50, 100, or 500 ng of either RSA or whole enamel
protein extract from freeze-dried incisors were blotted by vacuum
on nitrocellulose membranes using a Gibco Convertible Filtration
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Table 1. Primary antibodies
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Antibody to

Host animals &

(antigen species) dilution factors Source (Catalogue #)
Serum  proteins
Albumin (rat) Rabbit 1:700 Cappel (0213-0342)
a,HS-glycoprotein (rat) Rabbit 1:1000 M. C. Farach-Carson and
W. T. Butler
Transferrin (rat) Rabbit 1:1000 Cappel (55734)
Cytoskeletal proteins
a-Tubulin (chicken) Mouse 1:1000 Sigma (T 9026)
Keratin (bovine)* Guinea pig 1:1000 Sigma (K 4252)
Vinculin (chicken) Mouse 1:1000  ICN (63-780)
a-Actinin (bovine) Mouse 1:1000  Sigma (A 5044)
Epithelial keratin (human)® Mouse 1:1000 ICN (69-145)
Cytosolic proteins
S100 (bovine) Rabbit 1:1000  ICN (64-741-1)
Calbindin-D 28 kDa (rat) Rabbit 1:1000  A. Berdal
Extracellular matrix proteins
Chondroitin sulfate (chicken) Mouse 1:1000 Sigma (C 8035)
Type I collagen (rat) Rabbit 1:1000 C. P. Leblond
Type IV collagen (mouse) Rabbit 1:1000 C. P. Leblond
Laminin (mouse) Rabbit 1:1000  A. Nanci
Osteopontin (rat) Chicken 1:1000  A. Nanci & M. D. McKee
(egg yolk)
Enamel proteins
24 kDa enamel protein (rat) Chicken 1:1000  A. Nanci & C. E. Smith
(egg yolk)

* Reactive to intermediate-sized cytoplasmic filaments
* Reactive to most acidic (type 1) and all basic (type 1I) keratins (mixed AE1:AE3)

Table 2. Alkaline phosphatase (AP) conjugated secondary antibod-
ies

Host animals &

Antibody to dilution factors Source (Catalogue #)
Rabbit IgG Goat 1:2000 Cappel (59298)
Mouse IgG Goat 1:2000 Cappel (59296)
Guinea pig IgG Rabbit 1:1000 ICN (61-279)
Chicken IgG Rabbit 1:1000 Sigma (A 9171)

Manifold System (Life Technologies, Burlington ON). The mem-
branes were probed anti-RSA, anti-24 kDa enamel protein antibod-
ies, and various preimmune serum controls. In another set of ex-
periments, aliquots of freeze-dried cell (10 pg) and enamel (5 pg)
homogenates, positive control proteins (e.g., laminin 0.1 pg), whole
kidney homogenate (5 pg), bone extract (5 pg), and negative control
proteins such as RSA (1 pg), were blotted onto nitrocellulose mem-
branes and probed with antibodies against laminin, type I and type
IV collagen, and osteopontin (Fig. 3; Table 1).

Results

Sensitivity  of Antibodies

Slot blots indicated that anti-RSA and anti-24 kDa enamel
protein antibodies resolved as little as 1 ng of their primary
antigens on nitrocellulose membranes. Western blots further
revealed that these antibodies reacted strongly against both
the intact parent protein (used to elicit the antibody) and
epitope-containing fragments, some as low as 3 kDa in mo-
lecular weight, created, for example, from albumin by
trypsin or cyanogen bromide digestion of the parent protein
(Fig. 1A). Anti-RSA antibody was not immunoreactive
against enamel proteins and the chicken egg yolk anti-24 kDa

enamel protein antibody was not immunoreactive against al-
bumin.

Distribution of Serum Proteins in Cell and
Enamel  Homogenates

a,HS-glycoprotein, transferrin, and rat serum albumin were
routinely detected in enamel organ cell homogenates (Fig. 1
B-D; lanes 2 and 3). Enamel homogenates prepared from
freeze-dried incisors were generally negative for these anti-
gens (Fig. 1 B-D; lanes 4 and 5), but enamel homogenates
prepared from freshly dissected, wiped incisors frequently
reacted positively for serum proteins, especially albumin
(Fig. 1E, lanes 1 and 2).

Distribution of Other Proteins in Cell and
Enamel  Homogenates

Enamel organ cell homogenates also reacted positively for
keratin (Fig. 2A, lanes 3 and 4), vinculin (Fig. 2B, lanes 3 and
4), a-actinin (Fig. 2C, lanes 3 and 4), S100 (Fig. 2D, lanes 3
and 4), epithelial keratin (Fig. 2E, lanes 3 and 4), chondroitin
sulfate (Fig. 2F, lanes 2 and 3), calbindin-28 kDa (Fig. 2G,
lanes 2 and 3), a-tubulin (Fig. 2H, lanes 2 and 3), laminin
(Fig. 3A, column 3 and 4), type IV collagen (Fig. 3B, column
3 and 4), and type I collagen (Fig. 3C, column 3 and 4). There
was no detectable reaction in enamel organ cell homogenates
for osteopontin (Fig. 3D, column 3 and 4). Enamel homoge-
nates prepared from freeze-dried incisors were negative for
most of these antigens (Figs. 2 A-E, lanes 5 and 6; Fig. 2
F-H, lanes 4 and 5; Fig. 3 A-D, columns 5 and 6). There was
faint immunoreactivity evident, however, in secretory stage
enamel homogenates for keratin (Fig. 2A, lane 5) and a-tu-
bulin (Fig. 2H, lane 4) as well as strong immunoreactivity
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Fig. 3. Sot blots of control proteins (columns 1 and 2) and whole
protein extracts from freeze-dried enamel organ cells (columns 3 and
4) and enamel (columns 5 and 6) incubated with antibodies against
laminin (A), type IV collagen (B), type | collagen (C), and osteo-
pontin (D). Column 1, RSA; column 2, laminin (A), whole kidney
extract (B), and bone extract (C and D); columns 3 and 5, secretory
stage; columns 4 and 6, early maturation stage.

against calbindin-28 kDa (Fig. 2G, lane 4). All enamel ho-
mogenates reacted intensely against the chicken egg yolk
anti-24 kDa enamel protein antibody with many proteins
from 14 to 30 kDa showing strong immunoreactivity. Secre-
tory stage cell homogenates showed strong immunoreactiv-
ity in a band near 27 kDa and faint immunoreactivity in a
band near 24 kDa.

Scanning Electron Microscopy (SEM) of Enamel Surfaces

SEM indicated that most of the enamel surface was clean
following strip dissections of enamel organ cells from freeze-
driedincisors (Fig. 4). There were, however, focal patchesin
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Fig. 2. Western blots of whole protein
extracts from freeze-dried enamel organ cdls
and enamel incubated with antibodies against
keratin (A), vinculin (B), actinin (C), S100 (D),
epithelid keratin (E), chondraitin sulfate (F),
cadbindin-D 28 kDa (G), and tubulin (H).
Panels (A-E) (5-15% gradient gels): lane 1,
RSA; lane 2, BSA; lane 3, secretory stage
cells; lane 4, early maturation stage cells; lane
5, secretory stage enamel; lane 6, early
maturation stage enamel. Pands F (5-15%
gradient gd) and (G-H) (12% dab gels): lane
1, RSA; lane 2, secretory stage cells; lane 3,
early maturation stage cells; lane 4, secretory
stage enamel; lane 5, maturation stage
enamel. Molecular weights (in kDa) indicated
\H a the left Sde of panels A, E and G.

the secretory stage where the enamel surface and rod pits
appeared contaminated with cell debris (Fig. 4B and C, ar-
rows). There were also occasional focal areas where the
enamel surface appear gouged by the dental tool used to lift
freeze-dried cells from the enamel surface (Fig. 4B, aster-
isks).

Discussion

Enamel is covered by epithelial cells of the enamel organ and
closely associated loose connective tissue and blood vessels
of the dental sac throughout its development (reviewed in
[4]). These structures must be removed in order to expose
the enamel layer for biochemical sampling. Consequently,
there is a high risk of contaminating enamel homogenates
with epithelial cell debris, tissue fluids, blood, and/or various
connective tissue components, especially considering that
ameloblasts forming the inner lining of the enamel organ
have cytoplasmic extensions of Tomes' processes inserted
into the enamel during the secretory stage, and these cells
are tightly bound to the enamel surface by hemidesmosomes
and a basal lamina during the maturation stage of amelogen-
esis (reviewed in [4]). It seems reasonable to assume that if
an exogenously derived protein like albumin (secretory
product of hepatocytes) was a natural component of devel-
oping enamel, then it would gain access to this layer from the
tissue fluids of the enamel organ by simple diffusion or by
some transport mechanism involving the ameloblasts [28]. It
also seems reasonable to assume that under these conditions
there would always be a minimum quantity of albumin
present within every enamel homogenate, and this amount
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Fig. 4. Scanning electron micrographs of freeze-dried incisor fol-
lowing removal of the ename organ. Pandl A (bar 1 mm): low mag-
nification of ename surface near molar reference line (vertica line
cut into the enamel layer indicated by arrows a center of plate);
Pand B (bar 100 um): intermediate magnification showing cell de-

would increase if additional blood or tissue fluid contamina-
tion occurred during sample preparation. The results of this
study suggest this is NOT a pattern for distribution of albu-
min (serum proteins) that is observed in vivo, at least in the
case of rat incisors. That is, when the teeth are prepared
under highly optimized conditions of rapid jaw dissection
and bony cap removal on ice (both steps completed in less
than 2 minutes), immediate immersion in liquid nitrogen, and
freeze drying, no significant quantities of albumin or other
serum proteins can be detected in the enamel homogenates
to a resolution limit of about 50 ng albumin per mg whole
enamel protein extract (i.e., 1 ng per 20 pug enamel protein
extract as observed in this study; Fig. 1 B-D, lanes 4 and 5).
When teeth are prepared by rapid jaw and bony cap removal
on ice, but the enamel organs are removed by wiping, then
albumin is frequently detected in the enamel homogenates
(i.e., levels above 50 ng albumin per mg whole enamel pro-
tein extract; Fig. 1E, lanes 1 and 2). Such results could only
occur if albumin is not routinely resident in enamel (as seen
following freeze drying; Fig. 1 B-D) and is found otherwise
as an artifact of the tooth preparative procedures (as seen
following wiping of freshly dissected teeth; Fig. 1E). This
likely occurs because blood or tissue fluids are pumped onto
the enamel surface from the periodontal ligament during
"wet" dissections, or because fluids contaminated with al-
bumin seep into the enamel from the moist gauze pads during
wiping.
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bris (arrows) and areas gouged with dental tool (asterisks); Panel C
(bar 10 pm): high magnification illustrating rod cavities with sur-
rounding rims of interrod material and possible remnants of Tomes'
processes lying near the rod cavities (arrows).

The finding that most of the albumin detected in enamel
homogenates arises primarily as an artifact of preparation is
consistent with results of past histological studies which
have suggested that exogenous labeled albumin injected in
vivo does not appear to penetrate directly into the enamel
layer from the blood [36, 37]. This result also suggests that it
is unlikely there is a specific transport mechanism in amelo-
blasts for moving albumin from tissue fluids into enamel, as
questioned by Couwenhoven et al. [28]. A freeze drying ap-
proach is not always feasible for biochemical studies on
enamel samples taken from large mammals such as cows and
pigs, and it is understandable why the content of albumin
and other serum proteins has been high in many past studies,
especially considering time delays often encountered in ob-
taining jaws at slaughterhouses, and additional time delays
associated with transporting the jaws to the local laboratory
for further dissection and processing. As noted by Robinson
et al. [27], these delays increase the changes for in situ post-
mortem vascular and cell degenerative changes which could
cause more albumin to leak into the enamel especially rela-
tive to early maturation stage enamel. Surfaces of cow and
pig teeth are also traditionally cleaned by wiping (albumin
usually detected in enamel homogenates) rather than by strip
dissection following freeze drying (albumin rarely detected
in enamel homogenates), further increasing the chances for a
contamination. Despite advantages of freeze drying to min-
imizing contamination by serum proteins, this approach has



