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Dental enamel forms according to instructions encoded
in the genetic blueprint. The genetic instructions are
executed by proteins, some of which are secreted into the
enamel matrix where they regulate mineralization. These
secreted proteins control the initiation, growth, and
organization of the forming enamel crystals (1,2).
Defects in the genes encoding these proteins result in
inherited enamel malformations (3). Understanding the
processes involved in the formation of normal or dis-
eased enamel requires identification and characterization
of all the critical molecular participants involved in these
processes.
Previously we reported a comprehensive strategy for

isolating enamel matrix proteins (4). This strategy
evolved from the non-dissociative, pH-based extractions
developed at Tsurumi University (5–7). The non-disso-
ciative method has been used extensively to isolate and
characterize porcine enamel proteins, including amelo-
genin (5,7–10) and non-amelogenin (11,12) enamel pro-
teins such as enamelin (13–17), ameloblastin (18,19), and
KLK4 (20–22). In this report we improve the strategy for
comprehensive fractionation of enamel proteins by
adding chromatofocusing.
Chromatofocusing is a recently improved technology

that separates proteins according to their isoelectric
point (pI), using high-performance liquid chromatogra-

phy (HPLC). In this study we use the PF-2D system
from Beckman Coulter (Fullerton, CA, USA), which
separates proteins in solution according to their pI. The
useful pH range is between 8.5 and 4.0, and the resolu-
tion can be set as low as 0.1 pH unit. Above and below
this range, the proteins are collected essentially as a
single fraction (i.e. those with pIs of >8.5 are one
fraction, and those with pIs of <4.0 are another frac-
tion). The pI fractions represent the first-dimension
separation. The PF-2D system is programmed to auto-
matically inject each pH fraction onto a reverse-phase
column for a second-dimension separation. The PF-2D
system generates highly reproducible chromatographic
profiles and protein separations. These features make it
ideally suited for comparing and contrasting protein
profiles from two sources.
We elected to use the PF-2D system, rather than the

standard proteomic technique of gel isoelectric focusing
followed by sodium dodecyl sulphate–polyacrylamide gel
electrophoresis (SDS–PAGE), because small proteins
(< 5 kDa) tend to run off two-dimensional (2D) gel
electrophoresis and because we wanted a system that
would allow us to isolate protein for future functional
studies. In this report we show the results of chromato-
focusing the eight major enamel protein fractions gen-
erated by following a comprehensive system developed
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for the isolation of porcine enamel protein (4). The
chromatofocusing was performed separately, but fol-
lowing an identical protocol, on eight fractions obtained
from soft, secretory-stage enamel, and hard, postsecre-
tory (or maturation) stage enamel.
Small amounts of acidic, crystal-binding proteins

(previously referred to as enamelins) have been proposed
to inhibit crystallite maturation (growth in width and
thickness) during the secretory stage, accounting for the
observation that secretory-stage enamel crystallites can
be � 1000 times longer than they are thick. Theoretically,
this effect could be achieved if inhibitors become bound
to growth sites, such as kinks or steps on the sides of the
crystal where ions join the crystal lattice. As only small
amounts of inhibitor need to be present for inhibition to
occur, we did not attempt to identify all matrix constit-
uents that decreased in amount (all did); instead, we
looked for enamel proteins that were present in the soft
enamel (SE) extracts (when inhibition appears to occur),
but were absent from the hard enamel (HE) extracts,
where substantial enamel maturation occurs. By com-
paring the protein profiles of the pI fractions from the SE
and the HE, we were able to identify enamel matrix
constituents that are temporally associated with the
inhibition of enamel crystallite growth in width and
thickness.

Material and methods
All experimental procedures involving the use of animals
were reviewed and approved by the Institutional Animal
Care and Use Program at the University of Michigan.

Preparation of both SE and HE

Tooth germs of permanent molars were surgically extracted
from the maxillae and mandibles of 6-month-old pigs at the
Michigan State University Meat Laboratory (East Lansing,
MI, USA). The enamel organ epithelia and dental pulp
tissue were removed using tissue forceps. The soft, cheese-
like enamel (i.e. SE) was separated from the crowns using a
spatula. Early maturation-stage enamel samples (i.e. HE)
were obtained by scraping the remaining hard, chalky
enamel.

Separation of SE and HE extracts

Soft or hard enamel scrapings were sequentially extracted
(10 ml/1 g) to obtain a neutral extract, an alkaline extract,
and residual insoluble material. The neutral extract was
obtained by homogenizing the enamel shavings in Sörensen
buffer (made by mixing Na2HPO4 and KH2PO4 to achieve a
final phosphate concentration of 50 mM and a pH of 7.4).
Material not soluble in the neutral extract was obtained by
centrifugation. The pellet was resuspended in carbonate
buffer, made by mixing bicarbonate (NaHCO3) and car-
bonate (Na2CO3) to a final concentration of 50 mM, and a
pH of 10.8 (5,6), and homogenized. The neutral extract and
alkaline extracts included proteinase inhibitors [5 mM 1,10
phenanthroline (Sigma, St Louis, MO, USA); and Protease
Inhibitor Cocktail Set III (Novagen, Madison, WI, USA)].
Material not soluble in the alkaline extract was pelleted by

centrifugation and designated as the residual insoluble
material.

Fractionation of the neutral extract

The neutral extract of SE or HE was raised to 40% sat-
uration by the addition of ammonium sulfate, and the
precipitate was removed by centrifugation (fractions SE1 or
HE1, respectively). The supernatant was raised to 65%
saturation and the precipitate was pelleted by centrifuga-
tion. The 40–65% saturation pellet was divided into acid-
soluble (SE2 or HE2) and acid-insoluble (SE3 or HE3)
fractions by resuspending in 0.5 M acetic acid, with insol-
uble material being separated by centrifugation. The 40–
65% saturation supernatant (i.e. fractions SE4 or HE4) was
concentrated and stored at )20�C.

Ion-exchange chromatography

The alkaline extract of SE or HE was applied to a
Q-Sepharose Fast Flow column (1.6 cm · 20 cm; Amer-
sham Pharmacia, Uppsala, Sweden) and eluted with a linear
gradient (0–0.25 M buffer B). Buffer A was 50 mM Tris-
HCl containing 6 M urea; buffer B was buffer A containing
0.5 M NaCl.

Sample preparation for 2D separation of liquid

In order to minimize the effect of buffer differences, enamel
samples were exchanged with start buffer using a PD-10
column (Amersham Biosciences). Each enamel fraction
(� 3.5 mg) was diluted to 2.5 ml with start buffer, and the
diluted solution was applied onto a PD-10 column. A 3.5-ml
volume of eluent was collected after loading an equal
amount of start buffer. All buffer-changed samples were
stored at 4�C for 1–5 d.

2D liquid separation of enamel fractions

The 2D liquid separation of enamel fractions was carried
out by high-performance chromatofocusing (HPCF) in a
first-dimension fractionation step followed by non-porous
reverse-phase (NPS RP) HPLC of these fractions in a sec-
ond-dimension step using a ProteomeLab PF2D system
(Beckman Coulter).
High-performance chromatofocusing was performed on a

PF2D-HPCF column (250 · 2.1 mm) (Beckman Coulter).
Two buffers – the equilibration/start buffer and the elution
buffer, adjusted to pH 8.6 and pH 4.2 by iminodiacetic acid,
respectively – were used to generate the pH gradient on the
column. The column was equilibrated with start buffer until
a stable pH and an ultraviolet (280 nm) absorbance were
achieved. The buffer-exchanged sample (0.2–0.5 mg) was
applied to the column and the eluent from HPCF separation
was collected from pH 8.6–4.2 in 0.3-pH unit intervals. The
collection process was controlled using 32 karat software.
Non-porous RP-HPLC was performed using a PF2D-

HPRP column (4.6 · 30 mm) (Beckman Coulter). The col-
umn was equilibrated with 0.1% trifluoroacetic acid (TFA)
and eluted with a linear acetonitrile gradient (0–100%/
30 min) containing 0.08% TFA, at a flow rate of
0.75 ml min)1, at 50�C. The effluent was continuously
monitored by a UV monitor set at a wavelength of 214 nm
and was collected into 96-deep-well titer plates every 45 s,
from 2 to 32 min. The plates were sealed with mat covers
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and stored at )20�C. After 2D liquid separation, the chro-
matographic data for the enamel fractions were processed
using proteovue software (Beckman Coulter) to generate
image gels, which are simulated electrophoretograms.

SDS–page

Enamel fractions were separated by SDS–PAGE on 16%
gels and stained with stains-all or silver.

Automated Edman degradation

Automated Edman degradation was performed with an
Applied Biosystems Procise 494 cLC protein sequencer at
the W.M. Keck Facility at Yale University.

Results

The HE and SE were separated from the unerupted,
developing molars of 6-month-old pigs. The SE and HE
scrapings were isolated in exactly the same way
(Fig. 1A). First, the proteins that could be extracted with
phosphate buffer at neutral pH were obtained and des-
ignated as the neutral fractions. The material not dis-
solved in neutral buffer was extracted with alkaline
buffer and designated the alkaline extracts. Through a
series of ammonium-sulfate precipitations, the neutral
extracts were separated into four fractions (E1–E4),
while the alkaline extracts were separated into four
fractions by ion-exchange chromatography (E5–E8;
Fig. 1B). Each of these primary fractions (eight from the
SE and eight from the HE), were further fractionated
using the PF-2D, which combines chromatofocusing and
NPS HPLC. The 2D separations of the fractions from
the neutral extracts of the soft and hard enamel are
shown in Fig. 2 (Fig. 2A, SE1/HE1; Fig. 2B, SE2/HE2;
Fig. 2C, SE3/HE3; Fig. 2D, SE4/HE4). The 2D separa-
tions of the ion exchange fractions of the alkaline
extracts of the soft and hard enamel are shown in Fig. 3
(Fig. 3A, SE5/HE5; Fig. 3B, SE6/HE6) and Fig. 4
(Fig. 4A, SE7/HE7; Fig. 4B, SE8/HE8).
Comparing the chromatofocusing profiles of equival-

ent primary fractions from the SE and HE revealed that
many molecular components are reduced or absent from
the HE. The most dramatic differences, however, are in
fractions E2 and E3 (Fig. 2B,C). Fractions E2 and E3
correspond to the acid-soluble and acid-insoluble com-
ponents of the neutral extract that precipitated between
40 and 65% saturation with ammonium sulfate. PF-2D
fractions unique to the SE extracts, that is, those not
represented in the equivalent HE fractions, were ana-
lyzed by SDS–PAGE and N-terminal (Edman) sequen-
cing (Fig. 4).
The 2D chromatograms, SDS–PAGE, and Edman

sequences for SE2 chromatofocusing peaks 22, 23 and 25
(pI range: 4.08–4.69) corresponded to the 32-kDa
enamelin (Fig. 4A) (15,17). For SE3, chromatofocusing
peaks 18 and 19 (pI range: 5.15–5.66) contained the 27-
and 29-kDa calcium-binding proteins corresponding to
the ameloblastin C terminus (Fig. 4B) (23), as well as

smaller ameloblastin C-terminal cleavage products
migrating at 6 and 8 kDa. The SE3 chromatofocusing
peaks 22, 24, and 25 (pI range: 4.23–4.57) corresponded
to the 32-kDa enamelin and to the 13- and 15-kDa
C-terminal cleavage products (19). Albumin was also
detected, but this was considered to be a contaminant
from serum.

Discussion

The key to understanding enamel biomineralization is to
learn how secreted enamel proteins initiate, extend, and
organize hydroxyapatite crystals. Before rational hypo-
theses can be framed concerning the molecular mecha-
nisms of enamel matrix-mediated biomineralization, it is
necessary to identify and characterize the proteins that
catalyze it. Previously, we described a comprehensive
system for the isolation of enamel proteins (4). Since this
strategy was devised, protein isolation technology that
permits the fractionation of proteins in solution
according to their isoelectric points (chromatofocusing)

Fig. 1. Preparation of eight primary enamel fractions. A sche-
matic diagram of the isolation procedures used to produce four
neutral-extract fractions (E1–E4) and four alkaline-extract
fractions (E5–E8) is shown in (A). AS, ammonium sulfate; HAc,
acetic acid; HE, hard enamel; N, neutral extract; Ppt, precipi-
tate; SE, soft enamel; Sup, supernatant. The chromatograms for
fractionation of the soft- and hard-enamel alkaline extracts by
ion-exchange chromatography are shown in (B). Each dot on
the chromatogram indicates a tube change on the collector.
Numbers on the left (1.4 and 0.8) indicate the absorbance at
280 nm at the top of the chromatogram. A dashed line shows the
NaCl gradient. The numbers on the right (0.5 and 0.25) indicate
the molarity of NaCl entering the column.
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has improved. In this study, we report the first applica-
tion of this technology to the fractionation of enamel
proteins.
We find that the chromatofocusing step is a welcome

addition to the repertoire of HPLC techniques we
employ to isolate enamel proteins. When partially puri-
fied enamel proteins are applied to the chromatofocusing
column, they do not clog it, as has been the experience of
laboratories studying more crude extracts. We have used
the same column for over 30 runs, without an increase in
column pressure. We do, however, experience problems
with protein aggregation. In some enamel fractions,
protein aggregates pass straight through the chromato-

focusing column without being separated according to
their pIs (see fractions 2–5, Fig. 2A; fractions 1–3,
Fig. 3A,B). This problem can be reduced by injecting
smaller quantities of protein (� 0.5 mg) and by equili-
brating samples in chromatofocusing buffer for more
than 24 h at 4�C before injecting.
The ProteomeLab PF2D improves our ability to

fractionate enamel proteins, which improves our ability
to perform a proteomic analysis of the enamel matrix
and to isolate specific enamel proteins for structural and
functional analyses. In this study, we took advantage of
the high reproducibility (as well as the high resolution) of
the PF2D system to compare the contents of secretory-
stage (soft) enamel to postsecretory-stage (hard) enamel.
The rationale for doing so is that enamel crystals have an
unusually high aspect ratio (length/width) for hydroxy-
apatite. It is known that the binding of macromolecules
to specific crystal surfaces inhibits the addition of new
crystal layers in the direction perpendicular to the

A

B

Fig. 2. Two-dimensional separation of the four neutral-extract
fractions: SE1/HE1 (A), SE2/HE2 (B), SE3/HE3 (C) and SE4/
HE4 (D). (HE, hard enamel; SE, soft enamel.) At the top of
each section is the chromatogram for the first-dimension runs
(chromatofocusing). The number on the left at the top of the
chromatogram indicates the absorbance at 280 nm. Labeled
arrows at the top of each chromatogram indicate that the
chromatofocusing column was run for 140 min. Starting on the
upper left and moving to the right and then diagonally down is
the pH reading of the material leaving the column. The cali-
brations for these pH readings are on the right and range from
4 to 9. After the pH gradient bottoms out (at the right) there are
often salt peaks that do not contain protein. Vertical lines
extending up to the absorbance line mark tube changes on the
collector. Tube changes occurred at every 0.3 decrease in pH.
The numbers at the bottom indicate the fraction number, with a
dot indicating an increase of 1.0 from the previous number or
dot. These fraction numbers correspond to the lane numbers of
the image gels for the second-dimension run (below). The image
gels are a computer-generated interpretation of each chroma-
togram (read at 214 nm) from the non-porous high-perform-
ance liquid chromatography (NPS HPLC) run. The boxed
bands on the image gels in (B) and (C) correspond to fractions
that were chosen for further characterization because of their
absence from the equivalent hard enamel fraction.

A

B

Fig. 3. Two-dimensional separation of the four ion-exchange
fractions of the alkaline extract: SE5/HE5 (A), SE6/HE6 (B),
SE7/HE7 (C), and SE8/HE8 (D). (HE, hard enamel; SE, soft
enamel.) At the top of each section is the chromatogram for the
first-dimension runs (chromatofocusing). The number on the
left at the top of the chromatogram indicates the absorbance at
280 nm. Labeled arrows at the top of each chromatogram
indicate that the chromatofocusing column was run for
140 min. Starting on the upper left and moving to the right and
then diagonally down is the pH reading for the material leaving
the column. The calibrations for these pH readings are on the
right and range from 4 to 9. Vertical lines extending up to the
absorbance line mark tube changes on the collector. Tube
changes occurred at every 0.3 decrease in pH. The numbers at
the bottom indicate fraction number, with a dot indicating an
increase of 1.0 from the previous number or dot. These fraction
numbers correspond to the lane numbers of the image gels for
the second-dimension run (below).
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adsorbing surface (24), and both amelogenins and
enamelins have been proposed to regulate crystal habit
by inhibiting crystal growth in width and thickness (25).
When maturation-stage enamel crystals are incubated

in supersaturated calcium phosphate solutions, no crys-
tal growth is observed unless the maturation-stage
enamel is first pretreated with either 8 M urea or sodium
hypochlorite to remove the residual protein matrix (26).
The theory behind this is that during the transition/early
maturation stage, proteases degrade protein inhibitors,
allowing maturation to occur (27). This theory, however,
must be a simplification, as postsecretory-stage matur-
ation of enamel crystals begins prior to the bulk removal
of enamel protein (28). If enamel protein degradation is a
prerequisite for crystal maturation, then the inhibitors
must be preferentially degraded for the inhibition to be
removed when the bulk of the protein remains.
Eight of the pI fractions containing proteins not found

in the hard enamel were fractionated on the second
dimension (RP-HPLC), isolated, and characterized by
N-terminal sequencing. The five SE constituents absent
from the HE were all glycoproteins derived from
enamelin or ameloblastin. These results potentially pro-
vide new insight into a paradox of enamel mineraliza-
tion. During the secretory stage, selected proteins appear
to be inhibiting the growth of enamel crystallites in width
and thickness. After the end of the secretory stage of
amelogenesis, while there is still abundant protein in the
enamel matrix among the crystallites, but before the total
amount of organic matrix is reduced, there is a
substantial amount of mineral deposited on the sides of
pre-existing enamel crystallites. How is the inhibition,
apparent during the secretory stage, overcome in the
early maturation stage? We have not fully answered this
question. We did not characterize all of the enamel
matrix components that were greatly reduced in the HE
relative to the SE, but we did characterize the most
prominent. The four protein sequences we characterized
were acidic, glycosylated, stains-all positive cleavage
products of enamelin and ameloblastin. The 32-kDa
enamelin, having three N-linked glycosylations and two
phosphoserines, was previously proposed to be the
matrix component that adheres to the sides of secretory-
stage enamel crystallites (13). The C-terminal amelo-
blastin cleavage products all contain a sulfated O-linked
glycosylation (19). The 27- and 29-kDa (23,29) and 13-
and 15-kDa ameloblastin C-terminal cleavage products
have been implicated in Ca2+ binding (19). This is the
first report to identify the 6- and 8-kDa ameloblastin
cleavage products, but they are subsets of the 13-, 15-,
27-, and 29-kDa products, and their properties, such as
acidic pIs, are similar to the other ameloblastin C-ter-
minal cleavage products.
Selective degradation of the enamel matrix has long

been suspected because the amino acid composition of the
bulk organic matrix changes during maturation. Based
upon similarities of amino acid composition, enamelin
degradation products were believed to comprise a dis-
proportionate amount of the residual protein in the
mature enamel (30). The term enamelin, however, has
since changed from describing a poorly definedmixture of

A

B

C

Fig. 4. Sodium dodecyl sulphate–polyacrylamide gel electro-
phoresis (SDS–PAGE) and N-terminal sequence analysis of
enamel components absent from the early maturation stage.
The second-dimension chromatograms and image gels for SE2
chromatofocusing peaks 22, 23 and 25 [isoelectric point (pI)
range: 4.08–4.69] are shown in (A). The N-terminal sequences
of the components in peaks 1 and 2 (a), visualized on silver-
stained SDS polyacrylamide gels, were both LWHVPHRI,
which corresponds to the 32-kDa enamelin. The second-
dimension chromatograms and image gels for SE3 chromato-
focusing peaks 18 and 19 (pI range: 5.15–5.66) are shown in (B).
The SDS polyacrylamide gel for peak 1 is stained with silver,
and the SDS polyacrylamide gel for peaks 2 and 3 with stains-
all. The N-terminal sequence of the component in peak 1 (b)
was DTYKSEIA, which corresponds to serum albumin. The
N-terminal sequence of the component in peak 2 (c) was
LLANPKGK, which corresponds to the 27- and 29-kDa cal-
cium-binding proteins derived from the ameloblastin C termi-
nus. The N-terminal sequence of the component in peak 3 (d)
was YETAGADE, which is also a cleavage product from the
ameloblastin C terminus, but which has not previously been
described. The second-dimension chromatograms and image
gels for SE3 chromatofocusing peaks 22, 24, and 25 (pI range:
4.23–4.57) are shown in (C). The SDS polyacrylamide gel for
peak 1 is stained with stains-all and the SDS polyacrylamide gel
for peaks 2 and 3 are stained with silver. The N-terminal se-
quence of the component in peak 1 (e) was SRGPxGV, which
corresponds to the 13- and 15-kDa ameloblastin C-terminal
cleavage products. The N-terminal sequence of the components
in peaks 2 and 3 was LWHVPHRI, the 32-kDa enamelin.
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proteins to a specific gene product. Our findings suggest
that the glycosylated domains from the non-amelogenin
proteins are preferentially lost immediately following the
secretory stage, and their absence correlates with the onset
of enamel maturation, when total enamel protein con-
centrations are still high. The fact that enamelin and
ameloblastin drop below detection earlier than the amel-
ogenins is not necessarily caused by selective degradation,
because amelogenins are present at higher levels and may
persist for longer, despite being degraded at rates com-
parable to those of the non-amelogenins.
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