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The purpose of this study was to investigate overall degradative changes occurring to 
enamel matrix proteins in small, freeze-dried pieces of rat incisor enamel homogenized 
and incubated directly for 0 48 hours in a synthetic enamel fluid solution (165 mM total 
ionic strength with 0.153 mM calcium chloride) versus other samples homogenized and 
incubated for the same time intervals in distilled water. The results indicated that many 
alterations in the apparent molecular weights of enamel matrix proteins took place 
under both conditions although the rates for many degradative changes over a 48 hour 
period were often slower in distilled water than in synthetic enamel fluid. Freeze-dried 
enamel samples homogenized and incubated in 165 mM Tris-HCl buffer at pH 8.0 
showed changes comparable to those seen with distilled water. This suggested that dif­
ferences observed between samples incubated in enamel fluid versus distilled water were 
unrelated to pH or ionic strength of the solutions and may be the result of a requirement 
by some enamel proteinases for small amounts of free calcium ions in incubation media. 
Of interest were findings that some enamel matrix proteins, especially those in strips 
taken from the first half of the secretory stage of amelogenesis, were degraded much 
faster in distilled water than in synthetic enamel fluid. The reasons for this effect are 
unclear although, in this case, calcium ions could be inhibitory to hydrolysis of certain 
matrix proteins by the enamel proteinases. 
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INTRODUCTION 

Enamel develops through complex interactions 

between a mineral phase and an organic phase com­

prising different extracellular matrix proteins (amelo­

genins and non-amelogenins) and proteinases which 

alter the molecular properties, or simply digest away, 

the matrix proteins. [1 20] There are presently two 

classes of extracellular proteinases identified in 

enamel, (1) relatively high molecular weight metallo­

proteinases which resemble, but are not in all cases 

identical to, classic matrix metalloproteinases found 
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in many hard and soft tissues, and (2) relatively low 
molecular weight serine proteinases which have been 
variably identified as trypsin-like or chymotrypsin-
like in their biochemical properties.[l1,12,17,21 29] It is 
currently suspected that metalloproteinases catalyze 
specific hydrolytic events including C-terminal 
cleavage of amelogenins and internal fragmentation 
of certain non-amelogenins,[17,27-29] and the activation 
of other matrix-resident proteinases.[30] The serine 
proteinases appear less substrate-specific in nature 
and to degrade proteins throughout enamel develop­
ment but especially during the maturation stage of 
amelogenesis.[11,17,23,26 29,31] 

Several studies have indicated that enamel 
proteinases are calcium-dependent requiring from 
2-10 mM calcium ion supplements in incubation media 
(as CaCl2) to support hydrolytic activity against various 
protein substrates including rM179, a recombinant 
mouse amelogenin equivalent to the major alternatively 
spliced native amelogenin isoform secreted by mouse, 
and presumably rat, ameloblasts.[11,17,22,25,29] This cre­
ates a dilemma because blood and most extracellular 
tissue fluids generally contain only 1-2 mM calcium, 
not all of which is in a free ionic form,[32] and the fluid 
bathing enamel itself has been reported to contain an 
average of only 0.5 mM total calcium of which about 
31%, or 0.153 mM, is in a free ionic form.[33] The 
purpose of this study was to examine the question of 
possible calcium dependency by enamel proteinases 
(collectively) using freeze-dried enamel samples incu­
bated under conditions mimicking the known pH and 
ionic composition of fluids bathing enamel in the native 
state (baseline) as compared to other samples incubated 
in distilled water to represent a very low free ionic cal­
cium environment. 

MATERIALS AND METHODS 

Sample Preparation 

Male Wistar rats weighing 95 ± 5 g were anesthetized 
with ether and decapitated. The hemimandibles were 
removed, cleaned of muscles and soft tissues, and 
placed in liquid nitrogen for a minimum of 5 hours. 
The hemimandibles were freeze-dried for 2 days at 

— 55°C. Bone, connective tissue, and the enamel 
organ were removed from the labial side of the 
incisors, and the enamel layer on each tooth was tran­
sected into a series of strips designated S1, S2, Ml and 
M2 with the Ml strip positioned —0.5 mm apical to 
the usual molar reference line[34] (Fig. 1). The strips 
were removed with a dental tool and placed in separate 
chilled sterile screw-top microfuge vials. 

Processing, Incubation, and Electrophoresis 

Each enamel strip was lightly pounded into a uniform 
and finely dispersed homogenate (suspension) in 
52.5 µl/mm of filtered double glass distilled water 
with a sterile, blunt dental tool. Homogenates for a 
given set (S1 to M2 per tooth; Fig. 1) were brought to 
final volume by adding 52.5 µl/mm of double distilled 
water or one of following solutions made at double 
strength: (1) synthetic enamel fluid (165 mM final 
total ionic strength with 0.153 mM calcium),[35] 

(2) 165 mM Tris-HCl, pH 8.0, or (3) 165 mM sodium 
acetate, pH 6.5. Each homogenate (as a suspension) 
was vortexed thoroughly and dispensed in 30 µl 
aliquots into new sterile screw-top microfuge vials. 
For control experiments, the original concentrated 
homogenates were predispensed in 15 µl aliquots 
before adding 15 µl of a double strength stock solution 
containing a specific component (e.g., sodium azide) 
or a treatment procedure (e.g., boiling sample before 
incubation) to be tested. Control solutions made in 
synthetic enamel fluid were also adjusted through its 
NaCl component for the amount of extra sodium ions 
and anions introduced by some of the chemicals tested 
(e.g., sodium dodecyl sulfate). 

After the initial preparative steps, all vials were 
incubated at 37°C for the intervals required after 
which 30 µl of a double strength sample prepara­
tion buffer containing 0.125 M Tris-HCl pH 6.8. 4% 
SDS, 30% glycerol, 80 mM dithiolthreitol, and 0.01% 
bromophenol blue was added to each vial. The vials 
were immersed in boiling water bath for 5 min, cooled 
to room temperature and stored in a refrigerator at 
4°C. At the end of the experiments, 24 µl of the solu­
tion in each vial was applied to individual lanes of 
standard format (16 cm x 14 cm x 1.0 mm) 12% 
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FIGURE 1 Location of S1, S2, Ml and M2 enamel strips (small rectangles) relative to the long axis of the developing rat incisor (inset at 
top and graduated ruler at bottom).[34] Locations of presecretory (PS), secretory (SEC), and maturation (MAT) stages of amelogenesis are 
indicated (large rectangles) as are the location of the molar reference line (R) and various morphological markers including apical loop (AL) 
and gingival margin (GM), points marking start of appositional growth of enamel (EM) and where ameloblasts loose their Tomes' processes 
(NTP), and region where enamel is soluble in EDTA (ES). 

polyacrylamide gels along with at least one lane of 
broad range molecular weight markers (Bio-Rad, 
Mississauga, ON). The proteins were separated by 
electrophoresis at 20 mA/gel constant current using a 
discontinuous buffer system.[36] The gels were stained 
with silver nitrate by the Blum method[37] then washed 
and dried on cellophane sheets. Gels were scanned and 
processed for image enhancement (embossing) using 
conventional techniques (e.g., CorelPaint 7, Corel 
Corp., Ottawa, ON). The data in Tables I and II were 
obtained from original scanned images using Version 
1.2 of SigmaScan/Image for Windows (Jandel 
Scientific now SPSS Inc., Chicago, IL). The program 
allowed simple linear remapping of the 256 grey level 
intensities in the 8-bit black and white images so that 
objects most heavily stained with silver (pure black = 
grey level intensity 0, pure white = grey level intensity 
255) were assigned a number representing the largest 
numerical value (remap pure black = 255 [intense 
staining], pure white = 0 [no staining]). The profile 
outlines of bands were traced by hand with the mouse 
cursor and the enclosed areas were expressed in square 
pixels. Silver staining intensity of a band was defined 

as its profile area times the average of the remapped 
grey level intensity values enclosed within the same 
profile outline (Tables I and II). 

RESULTS 

Bulk Degradative Changes in Enamel Proteins 
Following 2 Day Incubations 

Synthetic Enamel Fluid All freeze-dried enamel 
samples incubated for 2 days at 37°C in synthetic 
enamel fluid showed changes in constituent matrix 
proteins as visualized by silver staining (Figs. 2 4). 
These changes varied by molecular weight (in the 
6.5 31 kDa range) and by location of the enamel sam­
ple relative to its developmental age (S1 to M2) 
(Figs. 1 3). In broad terms, all homogenates showed a 
general decrease in the intensity of silver staining of 
protein bands by 24 48 hours of incubation (Figs. 2 
and 3; Table I). This was more evident for proteins 
above 24 kDa in S1, S2, and M1 homogenates and near 
24 kDa and below in M2 homogenates (Figs. 2 and 3; 
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TABLE I Silver staining intensities* of selected protein bands before and after 2 day incubations in synthetic enamel 
fluid or distilled water 

S1 Samples (Fig. 
31 
29 
27 
25.7 
24 
22.6 

S2 Samples 
31 
29 
27 
25.7 
24 
22.6 

M1 Samples 
31 
29 
27 
25.7 
24 
22.6 

M2 Samples 
31 
29 
27 
25.7 
24 
22.6 

2) 

(Fig. 2) 

(Fig. 

(Fig 

.3) 

.3) 

Start 

NP‡ 

3.9 
8.7 
5.2 
6.4 
2.4 

2.1 
9.2 

13.3 
10.3 
13.0 
8.8 

3.4 
9.8 

12.0 
12.4 
18.4 
14.5 

NP 
0.8 
4.0 
5.1 

13.7 
5.0 

End 

NP 
NP 
2.1 
2.2 
3.2 
1.6 

NP 
2.3 
2.8 
5.4 

10.9 
11.8 

0.4 
1.3 
2.4 
5.7 

12.4 
10.9 

NP 
NP 
1.6 
2.1 
3.3 
1.8 

%Dif 

-100% 
- 7 6 % 
- 5 8 % 
- 5 0 % 
- 3 3 % 

-100% 
- 7 5 % 
- 7 9 % 
- 4 8 % 
- 1 6 % 
+ 34% 

- 8 8 % 
- 8 7 % 
- 8 0 % 
- 5 4 % 
- 3 3 % 
- 2 5 % 

-100% 
- 6 0 % 
- 5 9 % 
- 7 6 % 
- 6 4 % 

Start 

NP 
5.7 

11.8 
8.0 
8.6 
2.5 

1.9 
13.1 
15.9 
14.9 
15.6 
11.5 

2.6 
9.7 

12.1 
10.7 
16.4 
12.3 

0.5 
1.5 
5.3 
6.9 

13.7 
5.7 

End 

NP 
0.4 
1.9 
2.3 
7.2 
2.4 

1.8 
4.5 
6.4 
8.1 

14.1 
9.4 

0.7 
2.6 
2.6 
5.3 

11.4 
9.1 

NP 
NP 
1.5 
1.3 
2.8 
1.2 

%Dif 

- 9 3 % 
- 8 4 % 
- 7 1 % 
- 1 6 % 
- 4 % 

- 5 % 
- 6 6 % 
- 6 0 % 
- 4 6 % 
- 1 0 % 
- 1 8 % 

- 7 3 % 
- 7 3 % 
- 7 9 % 
- 5 0 % 
- 3 0 % 
- 2 6 % 

-100% 
- 7 2 % 
- 8 1 % 
- 8 0 % 
- 7 9 % 

* Staining intensity = (area of band in pixels x (255 — grey level)) x 10 5. 
† See reference[8] for definitions of apparent molecular weights of rat incisor enamel proteins by SDS-PAGE. 
‡ NP = not present. 

Table I). All homogenates showed substantial, or com­
plete, loss of proteins near 31 (seen only in S2 and Ml 
samples), 29, and 27 kDa after only 24 hours of incu­
bation (Figs. 2 and 3; Table I). There was a minor band 
just below the major 27 kDa band which disappeared 
rapidly in S1 homogenates but not in any of the other 
homogenates (Figs. 2 and 3). Proteins in some 
homogenates appeared unchanged in staining intensity 
after incubation for 48 hours (e.g., Fig. 2, S2 near 20 
and 23 kDa; Table I) while others appeared to increase 
in staining intensity slightly over the 48 hour incuba­
tion period (e.g., Fig. 2, S2 near 16 18 kDa; Table I). 

Water Freeze-dried enamel samples incubated at 
37°C in double distilled water showed basically the 

same changes by molecular weight and developmental 
stage as those observed in samples incubated in syn­
thetic enamel fluid (Figs. 2 and 3; Table I). There were, 
however, differences in the rates at which proteins 
either faded or increased in staining intensity (Figs. 2 
and 3; Table I). For the most part, proteins which 
declined over time in synthetic enamel fluid were lost 
at a slower rate in distilled water except in S1 samples 
where some specific proteins between 22 27 kDa 
seemed to disappear more rapidly compared to syn­
thetic enamel fluid (Figs. 2 and 3; Table I). M2 sam­
ples incubated in water showed only a slow decline 
in staining intensity of proteins until 24 48 hours 
when staining intensities of all bands declined sharply 
(Fig. 3, M2; Table I). 

Apparent MW in kDa† Synthetic enamel fluid Distilled water 
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TABLE II Silver staining intensities* of selected protein bands in Ml samples of controls before and after 2 day incubations 
in various solutions 

Apparent MW in 

Controls 1 and 2 
31 
29 
27 
25.7 
24 
22.6 

kDa† 

(Fig. 4) 

+ SPB‡ 

2.7 
10.1 
11.9 
10.2 
16.1 
11.1 

Synthetic enamel fluid 

NT§ 

1.0 
2.4 
3.3 
6.9 

14.2 
13.4 

%Dif 

- 6 3 % 
- 7 6 % 
- 7 2 % 
- 3 2 % 
- 1 2 % 
+ 21% 

+ SPB 

3.1 
11.0 
14.2 
13.8 
17.5 
15.1 

Distilled water 

NT 

1.4 
4.4 
5.4 
7.7 

14.5 
16.3 

%Dif 

- 5 5 % 
- 6 0 % 
- 6 2 % 
- 4 4 % 
- 1 7 % 
+8% 

* Staining intensity = (area of band in pixels x (255 — grey level)) x 10 5. 
† See reference [8] for definitions of apparent molecular weights of rat incisor enamel proteins by SDS-PAGE. 
‡ SPB = sample preparation buffer. 
§ NT = no treatment. 
¶ NP = not present. 

Controls 

Enamels homogenates immersed in boiling water for 
5 min prior to incubation (Fig. 4, lanes 2) or incubated 
for 2 days in the presence of sample preparation buffer 
(Fig. 4, lanes 1) or with 0.1% SDS (Fig. 4, lanes 6) 
showed little or no degradative changes compared to 
homogenates incubated for 2 days directly in enamel 
fluid, water, Tris-HCl buffer at pH 8.0 and/or sodium 
acetate buffer at pH 6.5 (Fig. 4, lanes 3; Table II), or 
similar solutions supplemented with 0.02% sodium 
azide (Fig. 4, lanes 4). Degradative changes were par­
tially inhibited in homogenates by 0.01% SDS but to a 
lesser degree in synthetic enamel fluid than in water, 
Tris, or acetate buffers (Fig. 4, lanes 5). 

DISCUSSION 

Opinions regarding significance of results from this 
study will depend largely on the reader's conceptual 

view of (1) the degree of orderliness in the spatial 
organization of various molecular forms of matrix pro­
teins and proteinases across the depth of the enamel 
layer, and (2) the natural solubility of enamel matrix 
proteins and proteinases in fluids with pH and ionic 
strength between enamel fluid (pH 7 8, near isotonic) 
and deionized water (pH 5 7, very hypotonic). Both of 
these issues are only partially defined at present for the 
majority of teeth, but there is evidence suggestive that 
the spatial distribution of enamel matrix proteins and 
proteinases may be highly stratified especially in 
thicker enamel of species like pig.[14,19,20,27,28,30,38 40] 

According to existing data, developing enamel has the 
largest and most intact molecular weight forms of 
matrix proteins at the enamel surface near the formative 
ameloblasts.[6,8,14,19,20,27,28,30,38 41] These sites also 
apparently contain a prevalence of metalloproteinase 
activities which cleave newly secreted forms of amelo­
genins and certain non-amelogenins at specific internal 
sites (postsecretory processing).[17,20,27,28,30,38,39] Deeper 
regions of the enamel contain predominately lower 

Apparent MW in kDa† 

Controls 3 and 4 (Fig. 4) 
31 
29 
27 
25.7 
24 
22.6 

+ SPB 

3.2 
10.2 
12.2 
12.7 
14.6 
12.7 

Tris-HCl pH 8.0 

NT 

1.5 
4.2 
6.1 
8.7 

14.0 
13.6 

%Dif 

- 5 3 % 
- 5 9 % 
- 5 0 % 
- 3 1 % 
- 4 % 
+7% 

+ SPB 

2.5 
8.1 

10.5 
10.1 
15.7 
11.5 

Sodium Acetate 

NT 

NP¶ 

3.4 
4.5 
7.2 

13.4 
12.5 

pH 6.5 

%Dif 

-100% 
- 5 8 % 
- 5 7 % 
- 2 9 % 
- 1 5 % 
+9% 
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FIGURE 2 Polyacrylamide gels (12%) stained with silver showing proteins in whole enamel homogenates from S1 (top left column) and S2 
strips (bottom left column) (see Fig. 1) at 0 48 hours (<— h—>) following incubation in synthetic enamel fluid (first row of panels for S1 and 
S2; 0 = start; 48 = end) or double distilled water (dd_WATER; second row of panels for S1 and S2). Molecular weight marker proteins are 
shown in the first lane of the gels from S1 samples (Mr, in kilodaltons, kDa). The panels in the right column are the same gels as in the left 
column following conventional image enhancement to give the protein bands a pseudo-3D effect (embossed images). S2 samples typically 
show more proteins below 21.5 kDa than S1 samples (lane "0") as well as the presence of a faint band near 31 kDa not present in S1 samples 
(lane "0", 2nd band up from the one labeled "27k"). Stained bands above 31 kDa were rarely detected in this material. 

S1 INCUBATE IN ENAMEL FLUID 

INCUBATE IN dd_WATER 

S2 INCUBATE IN ENAMEL FLUID 

INCUBATE IN dd_WATER 
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M1 INCUBATE IN ENAMEL FLUID 

INCUBATE IN dd_WATER 

M2 INCUBATE IN ENAMEL FLUID 

INCUBATE IN dd_WATER 

FIGURE 3 Polyacrylamide gels (12%) stained with silver showing proteins in whole enamel homogenates from M1 (top left column) and 
M2 strips (bottom left column) (see Fig. 1) at 0 48 hours (<—h—>) following incubation in synthetic enamel fluid (first row of panels for M1 
and M2; 0 = start; 48 = end) or double distilled water (dd_WATER; second row of panels for Ml and M2). Molecular weight marker proteins 
are shown in the first lane of the gels from M1 samples (Mr, in kilodaltons, kDa). The panels in the right column are the same gels as in the 
left column following conventional image enhancement by embossing. A faint 31 kDa band is also usually seen in M1 samples (lane "0", 2nd 
band up from the one labeled "27 k") but rarely in M2 samples and, in this case, only clearly in those samples incubated in distilled water (lane 
"0", Ml and M2). The M2 samples also typically show a somewhat different protein banding pattern especially within the 27-14kDa molecular 
weight area than enamel samples taken from other locations (lane "0". compare M2 to Ml, S2 and S1 in Figs. 2 and 3). Stained bands above 
31 kDa were rarely detected in this material. 
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FIGURE 4 CONTROLS: polyacrylamide gels (12%) stained with silver (top 2 rows) showing proteins in whole enamel homogenates from 
Ml strips at 48 hours after continuous incubation in (1) synthetic enamel fluid, (2) double distilled water, (3) 165 mM Tris-HCI buffer, 
pH 8.0, and (4) 165 mM sodium acetate buffer, pH 6.5. Molecular weight marker proteins are shown in the first lane of each gel (Mr, in 
kilodaltons, kDa). The panels in the bottom 2 rows arc the same gels following image enhancement by embossing. The lanes of the gels 
correspond to different treatments given to the samples: 

lane 1 = + SPB in incubation media (inhibits all proteinase activity) 
lane 2 = boil sample prior to incubation (destroys all proteinase activity) 
lane 3 = no treatment (shows usual protein loss occurring over 2 days) 
lane 4 = + 0.02% sodium azide in incubation media (no effect) 
lane 5 = + 0.01% SDS in incubation media (weakly inhibitory) 
lane 6 = + 0.1% SDS in incubation media (strongly inhibitory) 

C O N T R O L S 
M1 1. ENAMEL FLUID 2. dd_WATER 

3. TRIS-HCI pH 8.0 4. Na ACETATE pH 6.5 

C O N T R O L S 
M1 1. ENAMEL FLUID 2. dd WATER 

3. TRIS-HCI pH 8.0 4. Na ACETATE pH 6.5 


