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Abstract
To examine the hypothetical cooperative role of enamelin and amelogenin in controlling the
growth morphology of enamel crystals in the post-secretory stage, we applied a cation selective
membrane system for the growth of octacalcium phosphate (OCP) in the truncated recombinant
porcine amelogenin (rP148) with and without the 32kDa enamelin fragment. Enamelin alone
inhibited the growth in the c-axis direction more than rP148, yielding OCP crystals with the
smallest aspect ratio of all conditions tested. When enamelin was added to the amelogenin “gel-
like matrix”, the inhibitory action of the protein mixture on the growth of OCP in the c-axis
direction was diminished, while that in the b-axis direction was increased. As a result, the length
to width ratio (aspect ratio) of OCP crystal was markedly increased. Addition of enamelin to
amelogenin enhanced the potential of amelogenin to stabilize the amorphous calcium phosphate
(ACP) transient phase. The ratio of enamelin and amelogenin was crucial for stabilization of ACP
and the growth of OCP crystals with larger aspect ratio. The cooperative regulatory action of
enamelin and amelogenin was attained, presumably, through co-assembling of enamelin and
amelogenin. These results have important implications in understanding the growth mechanism of
enamel crystals with large aspect ratio.
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Introduction
Tooth enamel formation is a classic example of cell- and matrix-mediated biomineralization
in which the spatial regulation of crystal nucleation, growth and organization is highly
controlled by the extracellular matrix proteins and glycoprotein constituents 1-3. The
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Supporting Information Available Figure S1: Qualitative analysis of the amount of ACP in different samples: Overlap of X-ray
diffraction pattern of OCP crystals grown in 10% rP148 with XRD profiles of 4μg/ml enamelin in 10% rP148 (rP148+4En), 10μg/ml
enamelin in 10% rP148 (rP148+10En), 40μg/ml enamelin in 10% rP148 (rP148+40En) and (E) 40μg/ml enamelin (40En).
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resulting biocomposite tissue has a uniquely organized hierarchical structure composed of
extremely long carbonated apatite crystals. The unusually elongated crystals are arranged
parallel to each other in their c-axial direction making the prisms or rod structures4-7. The
characteristic enamel crystals are different in morphology from those of bone and dentin that
are small and plate-like shaped. Amelogenin protein is the major component of the
continuously secreted enamel extracellular matrix that controls the mineralization of enamel
crystals8. In vitro, amelogenin molecules self-assemble to form nanospheres and higher
order structures whose size distribution is dependent on pH and protein concentration9-12. In
vivo, amelogenin assemblies have been identified along the growing mineral crystallites at
the very early stages of tooth enamel formation and have been proposed to constitute the
basic building unit of the enamel matrix13.14. In addition, in vitro evidence concerning the
functional role of amelogenin in mineral formation has been accumulated. Specifically,
amelogenin has been shown to accelerate the nucleation kinetics and induce ordering of
apatite nanocrystallites11,15-18, the charged hydrophilic C-terminal domain has been shown
to be essential for the alignment of crystals into parallel arrays18, and native phosphorylated
amelogenin has been shown to stabilize amorphous calcium phosphate (ACP), while
inhibiting precipitation of other calcium phosphates19. The above experimental evidence
strongly supports the notion that amelogenin exerts control over the morphology,
organization, and directionality of apatite crystals.

Enamelin, the largest known enamel protein, is a minor component of the matrix (1 to 5%)
and is absolutely essential for formation of normal enamel tissue20-22. Porcine enamelin is
secreted as a 186-kDa (1104 aa) glycoprotein. This acidic glycoprotein, like amelogenin, is
processed immediately following secretion producing intermediate products (155 kDa, 145
kDa, 89 kDa) that are not stable and found only near the enamel surface 23-26. One stable
proteolytic intermediate fragment that accumulates to about 1% is the 32kDa enamelin,
which has a strong affinity to adsorb onto the enamel crystals and is highly conserved across
species27. Mutations in ENAM gene results in defective enamel, specifically hypoplastic
form of autosomal dominant amelogenesis imperfecta (AI), and a diverse group of
genetically altered conditions. While the presence of enamelin was shown to be critical for
the mineralization of normal enamel23, details on the molecular mechanisms of its functions
in controlling enamel crystal formation are still lacking. Interestingly, some AI-causing
mutations in ENAM gene have been described to be within the 32 kDa enamelin segment
28-29. In vitro studies have shown that the 32kDa enamelin fragment can promote the
nucleation of apatite crystals when added to an amelogeningelatin mixture and can also
induce elongation of apatite crystals grown in agarose gel23-30. Moreover, enamelin has
been shown to directly interact with amelogenin, change its conformation, stabilize
oligomers and partially dissociate amelogenin nanospheres31. Such observations have led us
to the hypothesis that amelogenin and enamelin cooperate to function together in controlling
the nucleation and growth of enamel crystals.

Recent studies have confirmed that in many mineralizing systems, an amorphous phase is
the precursor to the crystalline mineral32-36. Interestingly, at the very early stage of forming
tooth enamel, ribbon-shaped amorphous calcium phosphate (ACP) materials were identified
in between the amelogenin-rich protein matrix36. With the progress of mineralization (in
deeper enamel) the ACP converted to thin crystalline of apatite. These observations further
supported the view that amelogenin is not only critical for controlling mineral morphology,
but also mineral phase and organization. It has been proposed that cooperative interaction
between assembling amelogenin and forming mineral is the underlying mechanism for the
formation of organized enamel-like apatite crystals11,15,17,18,37. Remarkably, based on in
vitro crystal growth experiments that were performed using the constant composition
method, it was found that elongated ribbon-like crystals similar to enamel crystals could be
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formed through the transient amorphous phase, under low super-saturation, and even low
concentrations of amelogenin17.

Previous studies on the spontaneous precipitation of ACP and its subsequent transition into
apatite, revealed that the kinetically favored OCP was the first crystalline phase, which
formed in a very close contact with the ACP particle surface38-43. The ability of OCP to
incorporate water molecules and ions other than Ca2+ and PO4

3- as structural components
enables OCP to function as an apatite crystal precursor44-45. As the lifetime of OCP was
usually very short, OCP was recognized as a labile intermediate. This transformation from
OCP to apatite appears to be in situ and occurs via a solid-state rearrangement44-46. As
OCP has been identified as a transient phase for enamel crystals, we have been studying the
mechanism of the elongated growth of OCP crystals using a dual membrane experimental
device where ionic diffusion was controlled by a cation-selective membrane and a dialysis
membrane47-52. We have previously shown that 1) oriented OCP crystals preferentially
grew in the c-axis direction on the membrane47; 2) amelogenin increased the aspect ratio of
OCP crystal through the preferential interaction with the side faces of OCP48-51 (this was
true of both native and recombinant full-length amelogenins, and also true of both types of
truncated amelogenin); 3) when fluoride was added to amelogenin, oriented prism-like
apatite crystals with a large aspect ratio were formed51-52. Most importantly, we have
shown that recombinant mouse amelogenins (rM179 and rM166) interacted with OCP
crystal faces similarly in the concentration range of 1-10%. Later, we confirmed that
recombinant porcine amelogenins (both rP172 and rP148) had the same effect on the
morphology of OCP as rM179 and rM166. The degree of interaction of all of the tested
types of amelogenin with OCP crystal faces was in the order (010) > (001) > (100). Thus,
the aspect ratio of OCP was increased by amelogenins regardless of the type of amelogenin
being native or recombinant. The presence of the hydrophilic carboxy-terminal or the
phosphate group did not seem to affect the preference of amelogenin interaction with OCP
crystal faces.

Here, using the same dual membrane system we applied a mixture of 10%(w/v) recombinant
porcine amelogenin (rP148) and the native 32kDa enamelin fragment to examine the
hypothesis that amelogenin and enamelin cooperate to control the elongated crystal growth
of OCP. rP148 is an analogue to the 20kDa fragment of porcine amelogenin (P148), which
is the prominent component of the enamel matrix during crystal development. It is a
partially degraded product of full-length amelogenin, lacking the hydrophilic C-terminal and
is therefore relatively hydrophobic. The use of recombinant protein in this study is necessary
and justified because of two primary reasons. Firstly, recombinant porcine amelogenin
rP148 can be expressed in our laboratory with a higher than 98% purity. This means it is
free of contaminants such as enamel proteinases and non-amelogenin proteins such as
enamelin. This is important because high level of purity and homogeneity are rarely
obtained with large quantities of native amelogenins isolated from developing extracellular
enamel matrix53. Secondly, the differences between native amelogenin P148 and
recombinant rP148 is minimal in that the latter only lacks one phosphate on serine 16 and
the N-terminal methionine 54. Moreover, as noted above, we have published numerous
papers in which we reported the similarity of the effects of both native and recombinant
amelogenin on the growth of OCP crystals 48-49. It is noteworthy that due to the complex
nature of enamelin (highly glycosylated and phosphorylated) and despite significant efforts
by many investigators, a stable expression system for recombinant enamelin is not yet
available55. We therefore used an enamelin fragment isolated from developing porcine
enamel. The 32kDa enamelin fragment is the most stable fragment among a series of
cleavage products. It is hydrophilic and acidic, and has two phosphorylated serines and three
glycosylated asparagines23,27,56. Immunochemistry studies have shown a prominent
presence of 32kDa enamelin in the inner layer of crystallite-containing rod and inter-rod
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areas of enamel matrix57, indicating the co-localization of the 32kDa enamelin and the
20kDa amelogenin. More than 95% of the extracellular matrix is made up of amelogenin,
which has an estimated concentration of 30% w/v (300mg/ml). While the amount of
enamelin in the extracellular matrix has been estimated to be about 1-5%, the local
concentration of the 32kDa fragment is not known precisely58,59. Because of limitations in
amelogenin solubility we used only a 10% (w/w) amelogenin in our in vitro system 60. By
applying various biophysical techniques, we have previously demonstrated that recombinant
amelogenin and native 32kDa enamelin interact directly in vitro31. Consequently, this
system was established to be appropriate for our structural and functional studies.

Experimental Section
Preparation of amelogenin (rP148) and enamelin (En)

The recombinant porcine Amelogenin rP148 was expressed in Escherichia coli, purified
using RP-HPLC, and characterized as previously described54,61. rP148 is analogous to the
major amelogenin proteolytic product (P148 or the “20k”), lacking phosphate group on Ser
16 and a Met at the N-terminal, but containing a Met at the C-terminal. The 32kDa enamelin
was extracted from unerupted 2nd and 3rd mandibular molars of six-month-old pig jaws,
purified and characterized as described previously following the method described by
Yamakoshi, et al. 27, 31, 62. Samples were scraped from 2nd and 3rd unerupted molars of
freshly dissected six-month-old pig jaws (Farmers John Clougherty Co., Los Angeles, CA,
USA) through Sierra For Medical Sciences (Santa Fe Springs, CA, USA). The pooled
enamel samples were homogenized in 50 mM Sørensen buffer (pH 7.4) with proteinase and
phosphatase inhibitors. This extraction process was repeated three times. The combined
supernatant was processed and purified by reverse-phase high performance liquid
chromatography (RP-HPLC) as reported previously62. The purified 32kDa enamelin was
characterized by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
stains-all staining and Edman degradation62.

Crystal growth
All chemicals used were reagent grade and all solutions were prepared with deionized and
double distilled water (dd-water). Crystal growth of OCP was carried out in a gel-like matrix
of rP148 and enamelin using a dual membrane system used in our previous studies47-52,63.
Briefly, the reaction chamber was composed of a cation-selective membrane (CMV, Asahi
Glass Co.) and a dialysis membrane (Visking Cellulose Tubing; pore size of 2.4nm; Union
Carbide Co.). The crystallization solutions used were 10mM Ca(CH3COO)2·H2O and
10mM NH4H2PO4 + (NH4)2HPO4 (1:1 molar ratio). The Ca and PO4 solutions were
adjusted with dilute HCl solution to pH6.5 at 37 °C before being used. After three days of
reaction, the pH of Ca solution decreased from 6.5 to 5.88-5.95 and that of PO4 solution
decreased to 6.47-6.49. The larger pH decrease of the Ca solution is ascribed to the
permionic selectivity of the cation selective membrane. From the calcium acetate solution,
Ca2+ ions diffuse into the phosphate solution through the membrane, while CH3COO- ions
cannot pass through the membrane. Thus, with the progress of the reaction, the amount of
the acetic acid increased in the Ca solution and the pH of the Ca solution decreased. On the
other hand, in the PO4 solution, with the progress of the OCP deposition on the membrane,
NH4

+ and H+ ions were produced in the PO4 solution. However, due to their buffering
effect, the change in pH was small. Enamelin stock solution was made by mixing 2.8μg of
32kDa enamelin and 70μl of dd-water (40μg/ml: 40En). The solution was preserved in a
freezer and thawed before being used. A solution of 10%w/v rP148 was made by adding
14μl of ice-cold dd-water to a pre-weighed amount of rP148 (about 1.4mg). A solution of
10%w/v rP148 and 32kDa enamelin (represented as rP148+40En) was made by adding 14μl
of cold 40En solution to a pre-weighed amount of rP148 (about 1.4mg). This process was
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repeated with different concentrations of enamelin, creating 10% w/v rP148 solutions
containing 10 μg/ml (10En) and 4 μg/ml (4En) enamelin. The 10% rP148 solution without
enamelin and the enamelin solution alone (40μg/ml: 40En) without amelogenin were also
used to grow crystals. Crystal growth experiments were carried out at 37 °C for 3 days under
gentle stirring. After the reaction, the gel that was still fixed on the membrane was rinsed
superficially with dd-water, frozen at -20 °C, and subsequently lyophilized.

Characterization of mineral phase
Crystals grown on the membrane were identified by an X-ray diffractometer (XRD)
(RINT2500, 56kV, 200mA, CuKα, Rigaku). Since the crystals grew tightly on the
membrane in many cases, it was difficult to remove the products from the membrane.
Therefore, the crystals were fixed on a sample holder with the membrane still attached. We
used a non-reflective quartz holder that was cut from a quartz single crystal in a specific
direction, so as not to cause XRD reflections at least up to 60 degree in two theta. The
morphology of the crystals was observed by a scanning electron microscope (SEM) (S4500,
5kV, Hitachi). Crystal length (L), width (W) and thickness (T) were measured on SEM
micrographs. To avoid parallax error, only crystals whose faces were parallel to the imaging
direction were measured. Around 100 measurements were performed for each dimension
and their means, standard deviations, and L/W and W/T ratios were calculated. The values
were compared by applying the t-test (Welch's method) at α=0.05 using Microsoft Excel
2003.

For a qualitative estimation of the percentage of amorphous phase yielded by the addition of
enamelin to 10% rP148, the X-ray diffraction pattern of the product grown in 10% rP148
was overlayed onXRD profiles of the crystals grown in 4μg/ml enamelin in 10% rP148
(rP148+4En), 10μg/ml enamelin in 10% rP148 (rP148+10En), 40μg/ml enamelin in 10%
rP148 (rP148+40En) and 40μg/ml enamelin (40En) (Fig. 1 Supplementary Material).

EDXA (Energy Dispersive X-ray Analysis) mapping was performed on a JEOL JSM-7001F
scanning electron microscope equipped with an EDAX Apollo X Silicon Drift Detector. The
data was analyzed using EDAX Genesis software. Samples were placed onto adhesive
carbon pads on aluminium stubs and were subsequently coated in gold using a Cressington
108 sputter coater.

Results and Discussion
We used a membrane system in which the one-directional Ca2+ ion diffusion allows the
OCP crystals to grow preferentially in their c-axis direction 47,64. As a result, the aspect
ratio of the crystals grown on the membrane was larger than those grown in a solution
system without the membrane. Amelogenin rP148 and the 32kDa enamelin had a synergic
effect on changing the morphology of OCP crystals. Figure 1 summarizes the XRD patterns
of the products formed in 10% rP148 only, enamelin only, and the mixture of rP148 and
enamelin (rP148+4En, rP148+10En, rP148+40En). The primary products in all samples
were identified as OCP. Notably, the 100 reflection at 2θ=4.7°, the 010 and 002 reflections,
respectively, at 2θ=9.8° and 2θ=26° of OCP were apparent in all products. The broad
diffraction in the range from 12° to 20° was due to the membrane. The broad diffraction in
the range from 20° to 40° could be due to some amorphous material, because ACP obtained
from pure calcium phosphate solution without any additives gives similar diffraction pattern
with a broad maximum at about 30°31. Since many reflections of OCP overlap with those of
apatite at 2θ >10° we cannot rule out the presence of HAP together with OCP in the final
product. The characteristic 100, 200 and 010 reflections of OCP were important for
identification of the mineral phase in the product, while the relative intensity of the peaks
provided information on crystal orientation. It was noted that the intensity ratio of 100 and
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002 decreased as enamelin content increased. It was reported that with the progress of the
growth of OCP in length, the XRD intensity of the 002 and the 004 reflections increased.
This finding confirmed that OCP grew in the c-axis direction resulting in the formation of
crystals with ribbon-like morphology. This observation suggested that the degree of crystal
arrangement/orientation was improved with increasing enamelin concentration in the gel-
like matrix. The presence of additional diffraction peaks in the rP148+10En and
rP148+40En confirms higher crystallinity and improved orientation of the OCP crystals65.

As shown in the SEM image in figure 2 the crystals grown in the mixture of rP148+10En
and rP148+40En were narrower than those grown in 10% rP148 only (Fig.2a), or 40En only
(Fig.2b). Based on the 002 and 004 reflections, the XRD confirmed that the crystals
extended in the c-axis direction of OCP. The mechanism of the growth process of OCP on
the membrane has been investigated previously, using XRD and SEM64.

The mean values and standard deviations (SD) of length, width, and thickness of crystals, as
well as calculated length to width ratio (L/W) and width to thickness ratio (W/T) are listed
in Table 1. The L/W ratio (aspect ratio) represents the degree of the lengthwise growth in the
c-axis direction, while the W/T represents the shape of the cross section. OCP crystals
grown without protein (control) were ribbon-like and the crystal had a length of
89.3±8.6μm, a width of 2011±596nm, and a thickness of 156±77nm47. In 10% rP148,
crystal growth was restrained to form ribbon-like crystals that were smaller than control
crystals. Their mean sizes were as follows: length 43±2μm; width 442±158nm; thickness
93±27nm (Table 1). The regulation of crystal growth by 10% rP148 was similar to previous
observations of crystal growth regulation by 10% w/v of native bovine amelogenin, rM166,
and rM17948. In contrast, in 40En solution, the length decreased remarkably (28±2μm)
(P<0.0001), while the width (477±172nm) and the thickness (111±32nm) were almost the
same as those obtained in 10% rP148 (P = 0.19 for width; P = 0.03 for thickness) (Table 1).

The regulatory effect of 32kDa enamelin on OCP crystal growth was modified in the
presence of 10% rP148. In the mixture, the length decreased slightly, while the width
decreased from 410±130nm (4En) to 148±51nm (10En) (P<0.0001), and then to 122±36nm
(40En) (P<0.002) as the amount of enamelin added to the rP148 increased. As a result, L/W
was 260±90 and W/T was 3.3±1.5 in the 10% rP148+10En; L/W was 286±91 and W/T was
1.7±0.7 in the 10% rP148+40En.

Figure 3 is a comparison of the L/W and W/T ratios of crystals grown in amelogenin gel-
like matrix with and without enamelin addition. The L/W ratios of crystals grown both in
rP148+10En and rP148+40En were significantly (P<0.0001) larger than those of other
crystals. In contrast, the L/W ratio of crystals grown in En (58±21) was almost half that of
crystals grown in rP148 (97±35) and almost a quarter of the L/W ratio of crystals grown in
rP148+10En (260±90 and rP148+40En (286±91). The degrees of inhibitory action of
rP148+4En (88±32nm) and rP148+40En (71±19nm) on thickness were almost the same
(P=0.15). The thickness of crystals grown in rP148+10En (46±13nm) was the smallest seen
under any of the conditions (P<0.0001). In contrast to the L/W ratio, the W/T ratios of
crystals grown in rP148 (4.7±2.2) and 40En (4.3±2) were almost the same. In rP148/En
mixed samples, the W/T ratio tended to decrease as enamelin concentration increased,
resulting in the formation of prism-like crystals. Thus, OCP crystals grown in the 10%
rP148+40En exhibited the largest L/W ratio (P<0.0001) and the smallest W/T ratio
(P<0.024).

Our data demonstrate that the cooperative action of amelogenin rP148 and the 32kDa
enamelin was critical for the growth of OCP crystals with a relatively large L/W ratio. Note
that the aspect ratios of OCP crystals grown on the membrane without proteins are smaller
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than those grew with amelogenin/enamelin mixture (see Table 1). The cooperative effect
was dose dependent. These values are still smaller than aspect ratio of mature enamel
crystals that are extremely long in their c-axial direction with an aspect ratio of
approximately 10007. Our observations suggest that other factors beside amelogenin and
enamelin may contribute to the formation of unusually long crystals. In pure 32kDa
enamelin solution (40En), OCP growth in the c-axis direction was greatly suppressed, and
the L/W ratio of crystal was the smallest. Notably, when the same amount of the 32kDa
enamelin was added to 10% rP148, the L/W ratio increased remarkably. We have previously
proposed that amelogenin preferentially interacted with the (010) face of OCP, when
compared with the (001) face47,48. As a result, the crystals became much narrower than
crystals grown in the absence of amelogenin. In this study, although the concentration of
enamelin added to amelogenin was very low, its effect on width was profound. Based on our
recent finding that the 32kDa enamelin co-assembles with amelogenin stabilizing
intermediate oligomers, we suggest that amelogenin-enamelin interaction enhanced the
affinity of the complex to the (010) face31. As a result of the increased affinity of the
amelogenin-enamelin complex for the (010) face, the crystals became much narrower than
crystals that were formed in 10% rP148 without enamelin and/or in pure enamelin solution
without rP148. Accordingly the L/W ratio became larger. This can be noted as a synergistic
action of both proteins. Co-assembly of amelogenin and enamelin may result in
conformational changes of the proteins leading to higher affinity for mineral surfaces66.
Work is in progress to further investigate amelogenin-enamelin interactions and changes in
configuration of these proteins as the results of their co-assembly (Fan et al, in preparation).

Small pseudo-spherical particles were apparent on crystal faces. Such particles were either
aggregated (Fig 4a) or dispersed (Fig. 4b, 2b, 2c) and were not observed on crystals grown
in 10% rP148, or 10%rP148+4En, nor in 40En solution. Since these particles were on the
surface of the crystals, it can be expected that they contributed to the XRD spectra.
Therefore, the possibility that these particles contributed to the XRD profile was examined
by comparing the XRD profiles (Fig.1) of the products obtained in the presence of enamelin
(rP148+4En, rP148+10En, rP148+40En and 40En) with that of the product obtained in
rP148. Between 20° and 40° (2θ), the background intensity of the (rP148+10En and
rP148+40En) was higher than those of the products obtained in rP148+4En and 40En (Fig
S1, Supplementary material). Since ACP has broad XRD diffraction in the range of 20-40°
with the maximum at around 30° (2θ)(CuKα)38, it is possible that it may have caused the
extra background intensity. Presumably, the source of the ACP in the products was the
particles observed on the surface of the OCP crystals. Comparative analysis of X-ray
diffraction patterns revealed larger quantities of ACP in the rP148+40En sample
(Supplementary material, Fig S1) indicating that addition of enamelin to amelogenin
enhances the potential of amelogenin to stabilize the ACP transient phase. Moreover, the
size of these particles resembles ACP formed in in vitro15,17,37,40-42 as well as those
observed in vivo34,36.

Considering recent findings that amelogenin stabilizes the ACP mineral phase in vitro19 and
that enamelin directly interacts with amelogenin in vitro31, we cannot rule out that such
particles may contain small amounts of proteins. The diameter of the particles was in the
range between 100nm and 300nm, regardless of the protein concentrations. Large particles
with a diameter of about 300-500nm were also observed on crystals (Fig.2d2). This
suggested that the ratio of rP148 and the 32kDa En was crucial to stabilize the ACP
containing particles.

EDXA mapping was performed on the small pseudo-spherical particles in the rP148+40En
sample in order to elucidate whether they were calcium phosphate particles (Fig 5a-c). Both
the calcium map (Fig 5b) and the phosphorus map (Fig 5c) clearly demonstrated that the
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particles contained calcium and phosphorus. However, due to the close proximity of Au-Mα
and P-Kα radiation (Observed at 2.120 keV and 2.013 keV respectively), the contrast
between particles and background in the phosphorus map was diminished. Fig 5d shows an
EDXA spectrum of the particles, highlighting the proximity of the Au and P signals. The
particles show no crystalline structure and contain calcium and phosphorus. From these
observations and the presence of a broad reflection in the XRD spectrum of the rP148+40En
sample, the particles were deduced to be mainly amorphous calcium phosphate.

Conclusion
Using a double membrane system consisting of a cation selective membrane and dialysis
membrane, we demonstrated that the rP148 amelogenin and the 32kDa enamelin cooperate
to control the growth morphology of OCP crystals. Our findings have important implications
for understanding the mechanism of lengthwise growth of enamel apatite crystals, which are
eventually transformed to incipient ribbon-like crystallites during the maturation stage.
General inhibition of the growth in the b-axis direction by enamelin and rP148 was
comparable while enamelin inhibited the growth in the c-axis direction more effectively than
rP148. When amelogenin and enamelin were mixed, the regulatory action of enamelin in the
c-axis direction was diminished while that in the b-axis direction was emphasized resulting
in the formation of longer and thinner crystals. In addition, the quantity of amorphous
calcium phosphate phase detected after crystallization appeared larger when both rP148 and
enamelin were used together. The concentration of enamelin was crucial for both the growth
of OCP crystals with a large L/W ratio and for the stability of ACP phase. The cooperative
regulation effect was attained presumably through direct binding of enamelin to rP14824.
Cooperative interactions between amelogenin and enamelin fragments could be critical for
controlling the morphology of enamel crystals in the post-secretory stage. Understanding the
details of such control mechanisms will prepare the ground for the development of improved
biomaterials.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
X-ray diffraction patterns of the products grown in (a) 10% rP148, (b) 4μg/ml enamelin in
10% rP148 (rP148+4En), (c) 10μg/ml enamelin in 10% rP148 (rP148+10En), (d) 40μg/ml
enamelin in 10% rP148 (rP148+40En) and (e) 40μg/ml enamelin (40En).
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Figure 2.
SEM images of small particles adhere to crystals grown in (a)10μg/ml enamelin in 10%
rP148 (rP148+10En) and (b) 40μg/ml enamelin in 10% rP148 (rP148+40En).
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Figure. 3.
(a) Length to width (L/W) ratio and (b) width to thickness (W/T) ratio of crystals grown in
10% rP148, 4μg/ml enamelin in 10% rP148 (rP148+4En), 10μg/ml enamelin in 10% rP148
(rP148+10En), 40μg/ml enamelin in 10% rP148 (rP148+40En) and 40μg/ml enamelin
(40En).
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Figure 4.
SEM images of the products grown in amelogenin with increasing concentration of the
32kDa enamelin (a) 10% rP148, (b) 40μg/ml enamelin (40En), (c) 10μg/ml enamelin in 10%
rP148 (rP148+10En) and (d) 40μg/ml enamelin in 10% rP148 (rP148+40En). In (d2), it is
important to note that the small particles adhered to crystals. (a1-d1 are at a magnification of
3K and a2-d2 are at a magnification of 10K).
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Figure 5.
SEM images and EDXA mapping of the pseudo-spherical particles observed in the
rP148+40En sample. The brightness and contrast of the EDXA maps were altered for
clarity. (a) A low resolution SEM image of the area that was mapped. Scale bar 500nm. (b)
The EDXA map of calcium (Ca-Kα x-ray radiation at 3.691 keV). (c) The EDXA map of
phosphorus (P-Kα x-ray radiation at 2.013 keV). It is important to note that the sample was
coated in gold and some of the phosphorus signal may have come from Au-Mα x-ray
radiation at 2.120 keV, although the Au-Mα and P-Kα spectral windows do not overlap. (d)
The EDXA spectrum of the particles. The calcium Kα and Kβ peaks are clearly visible, but
the phosphorus Kα peak only appears as a shoulder on the side of a large gold Mα peak.
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