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Abstract

The present study describes a method using immunohisto-
chemical labeling in combination with high-resolution im-
aging (field emission scanning electron microscopy) to in-
vestigate the spatial localization of amelogenins on apatite
crystallites in developing porcine enamel. Cross-sections of
developing enamel tissue from freeze-fractured pig third
molar were treated with antiserum against recombinant
mouse amelogenin and immunoreactivity confirmed by
Western blot analysis. The samples were then treated with
the goat anti-rabbit IgG conjugated with 10-nm gold parti-
cles. The control samples were treated with the secondary
antibody only. The in-lens secondary electrons detector and
quadrant back-scattering detector were employed to reveal
the high-resolution morphology of enamel structures and
gold particle distribution. The immunolabeling showed a
preference of the gold particle localization along the side

Introduction

As documented by a series of in vitro and in vivo stud-
ies, the supramolecular assembly of enamel matrix pro-
teins plays a pivotal role in the regulation of enamel
biomineralization [Fincham et al., 1999; Paine et al,,
2000; Gibson et al., 2001; Lyngstadaas, 2001; Kim et al.,
2006; Margolis et al., 2006]. In vitro studies have indi-
cated that amelogenins self-assemble into nanosphere
structures under various conditions [Fincham et al,,
1999] and that these nanospheres can further assemble
into higher-order structures such as short chain-like ar-
rays [Du et al., 2005; Margolis et al., 2006; Moradian-Ol-
dak et al., 2006]. Observations on developing dental
enamel by transmission electron microscopy (TEM)
[Robinson et al., 1981; Fincham et al., 1995] have revealed
linear arrays of nanometer-sized spherical particles, al-
though the exact nature of these structures is still un-
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Fig. 1. a Photograph of a freeze-fractured tooth cusp from a third
molar crown of a 6-month-old pig. For biochemical analysis, the
enamel tissue was roughly divided into 3 zones (approx. 2 mm in
length each) in the direction cervical margin to cuspal edge.
b SDS-PAGE pattern (left) and Western blots (right) of acetic acid
extract of enamel tissue scrapings from the 3 zones. Lane 1: Bio-
Rad Precision Plus standard proteins. Lane 2 and 2": zone 1, cervi-
cal portion. Lane 3 and 3": zone 2, middle portion. Lane 4 and 4":
zone 3, cuspal portion. Lane 5: Invitrogen SeeBlue Plus2 standard
proteins. a—e = Various porcine amelogenin components, pre-
sumably 25, 23, 20, 13 kDa and tyrosine-rich amelogenin peptide
(TRAP), respectively.

clear. In in vitro crystallization systems, amelogenins
increased aspect ratio (length/width) of octacalcium
phosphate (OCP) crystals in a dose-dependent manner,
suggesting a favorable adsorption of amelogenin nano-
spheres onto (010) side faces of OCP [Wen et al., 2000;
lijima and Moradian-Oldak, 2004]. Furthermore, the
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nanoparticles of recombinanthuman amelogeninaligned
into short strings along the c-axis of fluoroapatite crys-
tals and altered the growth of different crystal faces [Ha-
belitz et al., 2004]. Wallwork et al. [2001] have shown that
recombinant amelogenin nanospheres adsorbed more fa-
vorably to the side faces of the extracted enamel crystals
in vitro.

Immunogold labeling together with TEM have provid-
ed high-resolution images elucidating the intra- and ex-
tracellular distribution of enamel matrix proteins [Nanci
etal., 1987; Shore et al., 1995; Nanci et al., 1998]. However,
the spatial relationship and localization of enamel matrix
proteins on apatite crystallites at a molecular level, as well
as the spatial organization of the molecular assembly in
the enamel matrix, remain obscure. The present study de-
scribes a method using immunohistochemical labeling in
combination with high-resolution imaging [field emis-
sion scanning electron microscopy (FESEM)] to investi-
gate the spatial localization of amelogenins on apatite
crystallites in developing porcine enamel.

Materials and Methods

Tissue Preparation

The unerupted third mandibular molars were dissected from
6-month-old pig jaws obtained through Sierra for Medical Sci-
ences (Santa Fe Springs, Calif., USA). The cusps were washed in
cold saline and freeze fractured. The cross-section of developing
enamel tissue was collected on the conductive tape.

Raman Spectroscopy

Raman spectra were collected using a Renishaw Micro Ra-
man System RM1000 (Renishaw plc, Wotton-under-Edge, UK)
equipped with an Ar+ (514.5 nm) laser.

Enamel Protein Extraction

For biochemical analysis, the enamel tissue was roughly di-
vided into 3 zones (approx. 2 mm in length each) in the direction
cervical margin to cuspal edge, as shown in figure 1a. The pooled
scrapings were dissolved in 10% acetic acid and protein extracts
were prepared as previously reported [Fincham et al., 1994].

SDS-PAGE and Western Blots

SDS-PAGE was performed with Nupage™ 12% Bis-Tris gel
(Invitrogen, Carlsbad, Calif., USA). The molecular weights of
protein bands were estimated by using Precision Plus standard
proteins (Bio-Rad, Hercules, Calif., USA) or SeeBlue® Plus2 stan-
dard proteins (Invitrogen). For Western blots, proteins were
transferred to PVDF membranes. Blocking was performed with
2.5% nonfat milk, followed by incubation with a rabbit antiserum
against recombinant mouse amelogenin (rM179) [Simmer et al.,
1994] at a dilution of 1:1,000. The secondary antibody was goat
anti-rabbit IgG conjugated with alkaline phosphatase at a dilution
of 1:4,000, and chemiluminescent detection was performed with
the Immun-Star AP Chemiluminescent Kits (Bio-Rad).
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Fig. 2. FESEM micrographs of the enamel tissue after immunogold labeling. a SE image. b BSE image of the
enlargement of the square area in a. ¢ Image recorded by mixing both SE and BSE signals. d SE image of a con-
trol sample without the anti-rM179 serum incubation. R = Rod; IR = interrod. Arrows highlight the localization
of gold nanoparticles close to the edge or side face of the mineral ribbons.

Immunogold Labeling

The samples on the conductive tape were fixed in 1% parafor-
maldehyde. After thorough washing, blocking was performed
with 0.2% nonfat milk, followed by incubation for 1-2 h with an-
tiserum against rM179 with a dilution of 1:100. The samples were
thoroughly washed in TTBS and incubated with the secondary
antibody, the goat anti-rabbit IgG conjugated with 10 nm gold
particles. The control samples were treated with the secondary
antibody only. The samples were thoroughly washed in TTBS, fol-
lowed by a brief wash in deionized water and air dried.

FESEM Observation

The samples were carbon coated for evaluation under LEO
1550VP FESEM. The in-lens secondary electrons (SE) detector
and quadrant backscattering detector were employed to reveal the
high-resolution morphology of enamel structures and the gold
particles distribution. Images were also recorded by mixing both
backscattered electron (BSE) and SE signals.

In situ Immunogold Labeling of
Amelogenins by FESEM

Results

The unerupted third mandibular molar enamel of the
6-month-old pig is in the stage of matrix formation [Rob-
inson et al., 1987]. The acetic acid extracts of the 3 enam-
el tissue fractions from cervical margin to cuspal edge
had a similar amelogenin protein profile (fig. 1b). The
predominant component was the 20K’ amelogenin [Fin-
cham et al,, 1994], with small amounts of full-length
(25K’) and another proteolytic product (23K’) amelo-
genins [Yamakoshi et al., 1994], as well as low-molecular-
weight protein bands around 13 and 5 kDa. On Western
blots, the anti-rM179 serum strongly reacted with 20K,
23K and 25K amelogenins, and recognized the 13-kDa
band (fig. 1b). In addition, there was a slight decrease in
the relative amount of the higher-molecular-weight am-
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elogenins and an increase in that of the lower-molecular-
weight components from cervical margin to cuspal edge.
The mineral phase was characterized as carbonated apa-
tite from Raman spectra with the main PO3" stretch at
957 cm™! and a complex of CO3~ and PO;~ at 1,068 cm™!
(data not shown).

The high-resolution FESEM micrographs of the enam-
el tissue after immunogold labeling are shown in fig-
ure 2a-c. Figure 2d shows the control sample that omit-
ted the incubation with anti-rM179 serum. The images
were taken from areas within the middle portion (zone 2
in fig. 1a). The images using SE revealed the high-resolu-
tion features of enamel structures (fig. 2a and d). Fig-
ure 2a shows the rods, the boundary between the rods
and pieces of interrod structures. The crystals appeared
as highly oriented parallel ribbons within either rod or
interrod structures. The gold particles were discernable
on the surface of the crystal ribbons. Using the BSE sig-
nals, the strong elementary contrast highlighted the gold
particles as spherical white spots of 10 nm diameter and
the calcium phosphate minerals as thin long ribbons
(fig. 2b). Systematic measurements of crystal dimensions
from the BSE images (fig. 2b) gave a thickness of 14 =+
3 nm (n = 13) and a width of 44 £ 10 nm (n = 10). The
length of the ribbons had a large variety. The measure-
ment of several relatively long ribbons gave the length of
425 * 197 nm (n = 7). It should be noted, however, that
the maximum length of the crystals could not be estab-
lished with certainty because the long crystal could be
fractured during the sample preparation or deeply em-
bedded in the tissue. Images recorded by mixing both SE
and BSE signals overlay the gold nanoparticle distribu-
tion on the enamel features (fig. 2¢c). As indicated in fig-
ure 2¢, the gold nanoparticles showed a strong preference
to localize close to the edge or side faces of the mineral
ribbons rather than the plate side (arrows in fig. 2¢). It ap-
peared that a group of gold nanoparticles gave a short
chain-like appearance in the local vicinity. Gold particles
were rarely found on the control sample (fig. 2d).

Discussion

We have successfully developed a technique to reveal
the spatial localization of amelogenins on apatite crystals
in the developing enamel tissue. Based on the chemical
composition, the enamel tissue of the third mandibular
molar of porcine was in the stage of matrix formation
from 3 up to 50 weeks of the animal’s age [Robinson et
al., 1987]. Our results of SDS-PAGE and Western blot
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analysis on samples from the 6-month-old animal fur-
ther showed a subtle progressive difference in the relative
amount of protein components along the length of the
cusp. The subsequent studies were therefore performed
on the middle portion of the cusp to focus on a defined
stage of enamel matrix formation.

The preliminary immunogold labeling using the anti-
rM179 serum showed gold particle localization along the
side faces of the ribbon-like apatite crystals. It is notewor-
thy that the anti-amelogenin antibody used in the present
study does not cross-react with nonamelogenin proteins
[Simmer et al., 1994]. It has been shown that the lower-
molecular-weight amelogenin, such as the 13-kDa frag-
ment, mainly resided in enamel fluid as soluble moiety
[Aoba et al.,, 1987]. The observed immunogold labeling
on the crystal ribbons thus mostly represented the distri-
bution of the higher-molecular-weight amelogenins (20—
25 kDa). Our in vivo finding corroborates with previous
in vitro atomic force microscopy observation, suggesting
a more favorable binding of a full-length recombinant
mouse amelogenin to the side faces of the extracted
enamel crystals in the form of nanosphere assembly
[Wallwork et al., 2001]. Those authors suggested an elec-
trostatic interaction mechanism between the protein and
the charge domains on the crystal surface [Kirkham et
al., 2000]. In other studies, the morphology changes of
OCP crystals grown in amelogenin gel-like matrix from
ribbon-like to rod-like, with a significant reduction in the
width, was attributed to the hydrophobic interaction be-
tween the amelogenin and the (010) face [Iijima and Mo-
radian-Oldak, 2004]. Although the current observation
cannot resolve the exact mechanism, it provides direct
evidence of a preferential localization of amelogenins on
the developing enamel crystals in vivo.

In summary, FESEM together with immunogold la-
beling is a powerful tool to provide high-resolution im-
ages of enamel structures with the information of mo-
lecular localization of enamel proteins. Our observation
regarding a preferential localization of amelogenin in
vivo with respect to enamel crystals strongly supports its
direct function in controlling crystal morphology.
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