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Abstract
The structures and interactions among the macromolecules in the enamel extracellular matrix play
vital roles in regulating hydroxyapatite crystal nucleation, growth and maturation. We used
dynamic light scattering, circular dichroism, fluorescence spectroscopy and transmission electron
microscopy to investigate association of amelogenin and the 32-kDa enamelin, at physiological
pH 7.4, in phosphate buffered saline (PBS). Amelogenin (rP148) self-assembly behavior was
altered following addition of the 32-kDa enamelin. Dynamic light scattering revealed a trend of
decrease in aggregate size in the solution following the addition of enamelin to amelogenin. A
blue-shift and intensity increase of the ellipticity minima of rP148 in the circular dichroism
spectra, upon the addition of the 32-kDa enamelin, suggest a direct interaction between the two
proteins. In the fluorescence spectra, the maximum emission of rP148 was red-shifted from 335 to
341 nm with a marked intensity increase in the presence of enamelin as a result of complexation of
the two proteins. In agreement with DLS data, TEM imaging showed that the 32-kDa enamelin
dispersed the amelogenin aggregates into oligomeric particles and stabilizing them. Our study
provides novel insights into understanding possible cooperation between enamelin and
amelogenin in macromolecular co-assembly and in controlling enamel mineral formation.
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Enamel formation is a complex process regulated by ameloblasts that secrete amelogenin
(1), ameloblastin (2), enamelin (3,4) and proteinses (5) in a highly controlled and precisely
timed manner. All the above components have been shown to be critical for normal enamel
formation and interactions between them might be a key to their function in controlling
enamel mineral deposition (6–8). Experimental evidence has been accumulating for protein-
protein interactions leading to amelogenin self-assembly and processing of the organic
matrix. However, knowledge of specific interactions between the dominant protein,
amelogenin, and non-amelogenin proteins (i.e. enamelin and ameloblastin) is still limited.

Enamelin is a minor constituent (<5%) of the extracellular matrix. It is the largest enamel
protein and is rapidly degraded, following its secretion, into a number of intermediate
proteolytic products, among which the 32-kDa enamelin is the most stable. The 32-kDa
cleavage product accumulates throughout the developing enamel layer appearing in the inner
secretory enamel (9–11). With two phosphorylated serines and three glycosylated
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asparagines, this hydrophilic and acidic glycoprotein has high affinity for calcium and
apatite crystals (10). The 32-kDa enamelin cleavage product can be isolated from
developing porcine enamel and has been used for structure-function studies (10–12).

Although the quantity of enamelin in the extracellular matrix of developing enamel is much
lower than that of amelogenin, the lack of enamelin has a much more sever effect on enamel
formation than does the lack of amelogenin (6, 7). In the absence of amelogenin, enamel is
formed but is hypoplastic, and the prisms are disorganized (7). Without enamelin, enamel
crystals do not form. Instead, only a pathologically mineralized layer is formed within a
layer of accumulated enamel protein in the intercellular spaces between secretory
ameloblasts (6). Mutations in the ENAM gene result in formation of abnormal enamel,
especially the hypoplastic enamel seen in autosomal dominant amelogenesis imperfecta (AI)
(13). Importantly, some mutations in the ENAM gene causing AI have been reported to be
within the 32-kDa enamelin fragment (14).

We have recently reported that the 32-kDa enamelin, in cooperation with amelogenin,
increased the length to width ratio (aspect ratio) of octacalcium phosphate (OCP) crystals
(15). The presence of enamelin in the amelogenin “gel-like matrix” not only increased the
aspect ratio of OCP but also enhanced the stability of the transient amorphous calcium
phosphate (ACP) phase. Prior to this finding, we reported that enamelin promoted the
kinetics of nucleation of apatite crystals in a dose dependent manner (16). We have further
shown that enamelin undergoes a conformational change with a structural preference for ®-
sheet with addition of its potential target, calcium ions (12). These in vitro studies have
revealed that the 32-kDa enamelin has properties consistent with roles in crystal nucleation
and regulation of crystal habit (6, 12, 15, 16). Based on the lectin-like properties of
amelogenin, namely its affinity for to N-acetyl-D-glucosamine, amelogenin has the potential
to bind to the 32-kDa enamelin through its glycosylated functional groups (11, 17). Indeed,
our most recent investigations provide evidence that, at least in vitro, amelogenin and
enamelin interact to possibly co-assemble (18).

Our recent biophysical studies focused on the pH conditions under which OCP crystal
growth experiments are performed (i.e. pH 6.5) (19). In the present manuscript, we have
expanded our studies to investigate the interactions between amelogenin and the 32-kDa
enamelin at physiological pH 7.4 using phosphate buffered saline (PBS). We have used
dynamic light scattering, circular dichroism, fluorescence spectroscopy and transmission
electron microscopy to evaluate the effect of enamelin on amelogenin self-association under
conditions that better represent the in vivo microenvironment.

Materials and Methods
Preparation of the 32-kDa enamelin and amelogenin (rP148)

The 32-kDa enamelin was extracted from the enamel using neutral buffer (25 mM PBS, pH
7.4), purified and isolated in 65% ammonium sulfate precipitation followed by RP-HPLC,
and characterized following the method reported previously (12, 17). The purity and
homogeneity of the fraction collected from RP-HPLC 10-mm C4 column was verified by a
SDS gel and silver-staining (Fig. 1A). The pure 32-kDa enamelin fraction was divided into
aliquots of 32μg/tube, lyophilized, and kept at 4 °C. The recombinant porcine amelogenin
rP148, which represents amino acids 2–149 of the porcine amelogenin P173 and is an
analogue to the major amelogenin proteolytic product (“20k”), was expressed in Escherichia
coli, purified using RP-HPLC, and characterized as previously described (20). For all
experiments lyophilized proteins were re-suspended in DDW to give the parent solutions of
enamelin (0.32 mg/mL) and amelogenin (0.4 mg/mL) before preparing their mixtures.
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Dynamic light scattering (DLS)
The association between the 32-kDa enamelin and amelogenin was investigated in 25mM
PBS (pH 7.4, 0.15M NaCl) by DLS using a DynaPro NanoStar (Wyatt Technologies, Santa
Barbara, CA, USA). The final concentrations of rP148 was 0.20 mg/mL and those of
enamelin were 0.032 mg/mL, 0.0064 mg/mL, and 0.0032 mg/mL for 1:10, 1:50 and 1:100
enamelin:amelogenin molar ratios respectively. The mixtures were incubated at room
temperature for 2 h before measurements and data were analyzed as previously described
(12, 21).

Transmission electron microscopy
The effect of the 32-kDa enamelin on amelogenin aggregation or assembly was investigated
using a JEOL 1400 TEM with voltage of 100 kV. The mixture of amelogenin with enamelin
(final concentrations of 0.20 mg/mL of rP148 with 0.032 mg/mL of enamelin, for the 1:10
molar ratio) was incubated in 25 mM PBS (pH 6.5 or pH 7.4, 0.15 M NaCl) at room
temperature for 2 h. The 300 mesh carbon-coated grids were submerged in 30 μl samples of
enamelin only (after filtration with Anotop 10 plus 0.1 μm filters, Whatman, City?,
England), amelogenin only, and the mixture solution for 30 s, followed by a 30 s immersion
in 1% uranyl acetate, and air dried. The diameters of particles were analyzed and measured
with ImageJ software.

Circular dichroism spectroscopy
Measurements were conducted on a JASCO J-810 spectropolarimeter calibrated using a
0.06% (+)-10-camphorsulfonic acid solution. The 32-kDa enamelin and the rP148
amelogenin were dissolved in 25 mM PBS buffer (pH 7.4, 0.15 M NaCl) and measurements
taken after a 120-min incubation at room temperature. Final concentrations of samples were
prepared as described for DLS measurements. The circular dichroism (CD) spectra were
recorded at room temperature, as the average of 4 scans, in a 1 mm path-length quartz cell
(300 μL) using a scanning speed of 50 nm/min, a time response of 1 s, a bandwidth of 1 nm.
CD spectra were expressed as the mean residue ellipticity, [θ]mrw (deg cm2 dmol−1),
calculated as previously described (21).

Fluorescence spectroscopy
Both amelogenin and the 32-kDa enamelin fragment have intrinsic fluorescence properties
because of the presence of the amino acid tryptophan (Trp). The recombinant rP148 has two
Trp residues at position 25 and 45, while the 32-kDa enamelin has only one Trp near the N-
terminus (Fig. 1B). The 32-kDa enamelin and the rP148 amelogenin were dissolved in 25
mM PBS buffer (pH 7.4, 0.15 M NaCl) and measurements taken after a 120-min incubation
at room temperature. Final concentrations of samples were prepared as described for
dynamic light scattering (DLS) measurements. Fluorescence spectra were recorded on a
QuantaMaster 4 Spectrofluorometer from PTI (Photon Technology International,
Birmingham, NJ, USA). The acquisition interval and the integration time were maintained at
0.5 nm and 0.5 s, respectively. Fluorescence spectra were obtained by measuring the
emission spectra in the range from 310 to 390 nm at excitation wavelength 295 nm, spaced
by 0.5 nm intervals in the excitation domain. Fully corrected spectra were then concatenated
into an excitation-emission matrix. Fluorescence intensities were plotted as a function of the
excitation wavelength.

Results
We first examined the effect of the 32-kDa enamelin on amelogenin assembly by using
transmission electron microscopy (TEM). TEM images of the 32-kDa emamelin alone in
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PBS at pH 6.5 at concentration 32 μg/ml revealed irregularly-shaped and lightly-stained
nanoparticles (Fig. 2A). Under the same conditions, rP148 alone formed spherical particles
with an average particle size of 14.7 ± 3.3 nm (N = 50) in diameter with a tendency to form
chain-like structures (Fig. 2B) (Table 1). With the addition of enamelin to the amelogenin
solution at a 1:10 enamelin:amelogenin ratio, the size of the spherical particles grew to an
average of 18.6 ± 4.2 nm (N = 50), and they remained dispersed without forming chain-like
structures (Fig. 2C). The increase in rP148 particle sizes has also been demonstrated using
dynamic light scattering (DLS) following addition of enamelin at acidic pH’s (5.5 and 6.5),
where the rP148 was more soluble (18–19).

At pH 7.4, the lightly-stained nanoparticles formed by the 32-kDa enamelin had similar size
to those formed at pH 6.5 but appeared to be more regularly-shaped (spherical) (Fig. 3A). At
this neutral pH rP148 had a tendency to aggregate into large particles ~118.5 ± 30.2 nm in
diameter (N = 50) (black arrows in Fig 3B, Table 1). With the addition of enamelin to
amelogenin solution at a 1:10 enamelin:amelogenin ratio, the large aggregates dispersed and
two populations of particles were observed. The population of larger particles had a
diameter of 34.7 ± 10.3 nm (N = 50, counting particles with diameters > 20 nm, black
arrows on Fig. 3C, Table 1). These had a tendency to break apart to form a second
population of oligomeric nanoparticles with diameters of 11.6 ± 3.7 nm (white arrow, Fig.
3C) (N = 50, counting particles with diameters < 20 nm, white arrows Fig. 3C, Table 1).

The ability of enamelin to break up the large amelogenin aggregates formed at pH 7.4, and
stabilize smaller oligomeric particles was also verified by DLS analysis, which provided the
estimated hydrodynamic radii (RH), molecular weight (MW), and mass distribution of
particles in the rP148-enamelin solutions at pH 7.4 (Table 2). In these experiments, the size
of the large aggregates decreased with the addition of enamelin in a dose dependent manner.
The rP148 amelogenin particles formed in the absence of enamelin in solution had a
predominant population with a mean RH of 673.5 ± 67.4 nm and no minor populations of
smaller particles were detected. When the 32-kDa enamelin was added to rP148 at a molar
ratio of 1:100, the size of the predominant aggregated particles in the rP148-enamelin
solution slightly decreased to 657.9 ± 70 nm while its mass percentage decreased. At the
same time, a minor population (2.1% mass percentage) of oligomeric particles with RH = 7.2
± 0 nm appeared. At a higher 1:50 ratio, the average RH of the aggregates in the major
population decreased to 522.6 ± 77 nm and their mass percentage was further reduced, while
the mass percentage of the minor population with RH of 5.7 ± 0.5 nm increased to 16.4%.
Remarkably, at the highest ratio of enamelin to rP148 used in our study (1:10), the
percentage of small oligomeric particles (now RH = 4.5 nm) increased drastically (78.1%) at
the expense of the large aggregates, which decreased to 21.6%. The particles were 356.9 nm
in radius at the 1:10 enamelin: amelogenin ratio.

The circuklar dichroism (CD) spectrum of rP148 amelogenin showed a negative ellipticity
with a minimum [θ]mrw of −3.75×103 deg cm2 dmol−1 at 205 nm, a characteristic of an
unordered polyproline type II structure (22). Upon addition of enamelin to rP148 at molar
ratios of 1:100, 1:50, and 1:10, respectively, the intensity of the minimum significantly
increased in a dose dependent manner. We subtracted enamelin CD spectra with
concentrations equivalent to those in the above ratios from that of the mixed solution and
found that the minimum [θ]mrw increased to −20.3×103 deg cm2 dmol−1 in the 1:10
(enamelin:rP148) solution (Fig. 4A). At the same time, the trough slightly shifted from 205
nm to 201 nm upon addition of enamelin to rP148 at molar ratios of 1:100, 1:50, and 1:10.

The presence of the intrinsically fluorescent amino acid Trp residues in the N-terminal
region of recombinant rP148 allowed us to follow the environment around these Trp
residues following the addition of enamelin to the solution. The emission maxima in the
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fluorescence spectra of the 32-kDa enamelin and the rP148 amelogenin are 348 nm and 335
nm, respectively (Figs. 4B,C). Upon addition of enamelin to the rP148 solution at increasing
ratios (1:100, 1:50, and 1:10 of enamelin to rP148), the emission maximum of the solution
was red-shifted progressively from 335 to 341 nm. The intensity of the maxima also
increased significantly corresponding to the amount of enamelin added (Fig. 4B).

Discussion
The evolutionary analyses of mammalian enamelin have revealed conservation in the
primary sequence, as well as the phosphorylation and glycosylation positions in the 32-kDa
enamelin, supporting critical functional rules for this acidic fragment in all species studied
(23). We have recently reported that the 32-kDa enamelin and rP148 amelogenin have a
cooperative effect on regulating the morphology of OCP crystals grown at pH 6.5 in a cation
selective membrane system (15). It is noteworthy that the presence of enamelin was critical
for the control of OCP crystal orientation and stabilization of the transient ACP phase (15).
An amelogenin-enamelin interaction has been also demonstrated at pH 6.5, based on a trend
of increase in amelogenin oligomers sizes, changes in CD ellipticity minima, and a slight
shift in the maximum emission in the fluorescence spectra following addition of enamelin to
the amelogenin solution (19). In the present paper, using TEM, we show an increase in the
size of amelogenin oligomeric particles following addition of enamelin at pH 6.5. We
further investigated association between these two enamel proteins under conditions that
better resembles the physiological microenvironment (pH 7.4 and phosphate buffer).

The effect of enamelin on amelogenin assembly/aggregation at pH 7.4, reported in the
present study, appeared to be more profound than that at pH 6.5 reported recently (19).
When compared to pH 6.5, at pH 7.4 the solubility of rP148 is relatively low and the protein
has a tendency to form large aggregates of more than a micron in diameter. Dynamic light
scattering (DLS) analysis showed that the size of the aggregates and their mass percentages
decreased in a dose dependent manner when enamelin was added to the solution.
Interestingly, a growing mass of a minor population of oligomers started to appear
simultaneously. The increase in mass percentage of the minor population was presumably
due to the formation of complexes between enamelin and rP148 molecules leading to
stabilization of oligomeric particles. Enamelin exhibited a similar effect when breaking up
rP172 amelogenin nanospheres formed at pH 8, stabilizing oligomeric particles in Tris-HCl
buffer (18). Here, we have also demonstrated by TEM a trend of decreasing amelogenin
aggregate sizes and increasing mass of the small oligomeric particles in PBS pH 7.4.

The changes in the CD and fluorescence spectra of amelogenin-enamelin mixtures clearly
illustrates that there is a direct interaction between rP148 amelogenin and enamelin.
Interestingly, the shift of emission maxima and the changes in intensity of fluorescence
spectra that resulted from addition of enamelin to amelogenin solutions at pH 6.5 and 7.4
were in opposite directions. In both cases the changes are interpreted to suggest close
association and possible co-assembly between these two enamel proteins.

At pH 7.4, addition of enamelin caused a significant red-shift (from λmax = 335 to 341) in
the fluorescence spectra, while at pH 6.5 the emission maximum was slightly blue-shifted
(λmax = 335 to 333). Five discrete states of Trp in proteins, based on the emission maxima,
have been defined for folded and unfolded proteins, that depend on the polarity of the
environment of the Trp residue, dictated either by the solvent or the surrounding residues
(24). It is noteworthy that porcine amelogenin rP172 monomers stabilized at low pH (3.8) in
water have their emission maxima at λmax = 347-346 while amelogenin oligomers stabilized
at pH 5.5 have their emission maxima slightly blue-shifted at λmax = 345-343 (25). This
emission maximum is close to the maximum observed for the amelogenin-enamelin
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complex at 1:10 ratio formed at pH 7.4 (Fig 4B). Addition of enamelin to amelogenin at pH
7.4 disintegrates the aggregates, promotes the formation of oligomers and apparently causes
exposure of the Trp residues. The tryptophans in the N-terminal region of rP148 could be
exposed at the surface of the oligomers and consequently give rise to the increasing intensity
and the red-shift of the maximum in the fluorescence spectra of the rP148/enamelin solution.
On the other hand, when enamelin is added to amelogenin oligomers formed at pH 6.5, a
blue shift is observed, presumably as the result of close association between enamelin and
amelogenin making the environment around the N-terminal Trp become more hydrophobic
(19).

The increase in ellipticity in the CD spectra of amelogenin following addition of enamelin
was more significant at pH 7.4 compared to pH 6.5. The CD trough slightly shifted from 205
nm to 201 nm with the increased ratio of enamelin, indicating a possible change in the
conformation of amelogenin.

Our data collectively support the notion that amelognein self-association is affected by
addition of enamelin. We propose that such interactions may function to prevent unwanted
aggregation of the truncated amelogenin in vivo, stabilize amelogenin oligomers, enhance
the hydrophilicity of the amelogenin oligomers, and affect their interactions with the mineral
phase. Amelogenin may also function as a chaperone for enamelin. Amelogenin-enamelin
interactions may well be affected by local pH changes occurring during enamel maturation.
We propose that during the post-secretory stage of enamel formation, amelogenin and
enamelin cooperate synchronically to control crystal growth in vivo. Investigations of the
role of amelogenin-enamelin association in the extracellular matrix in vivo, however,
remains to be explored.
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Fig. 1.
(A) Silver Stained SDS-PAGE of the 32-kDa enamelin fraction after purification with RP-
HPLC (B) Amino acid sequence of recombinant rP148 and the 32-kDa enamelin
highlighting the positions of Trp (W) residues.
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Fig. 2.
Representative TEM images of nanostructures detected in the 32-kDa enamelin and
amelogenin solutions and their mixture, resulting from association of rP148 with enamelin
in PBS buffer pH 6.5. (A) 32-kDa enamelin (0.032 mg/mL); (B) rP148 (0.2 mg/mL); (C)
mixture of rP148 and enamelin at 10:1 ratio.
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Fig. 3.
Representative TEM images of nanostructures detected in the 32-kDa enamelin and
amelogenin solutions and their mixture, resulting from association of rP148 with enamelin
in PBS buffer pH 7.4. (A) 32-kDa enamelin (0.032 mg/mL); (B) rP148 (0.2 mg/mL); (C)
mixture of rP148 and enamelin at 10:1 ratio. Inset is a higher magnification.
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Fig. 4.
Biophysical studies of the interaction between rP148 and the 32-kDa enamelin at pH 7.4.
(A) CD spectra of rP148 in association with the 32-kDa enamelin, (B) and (C) Fluorescence
spectra of the rP148/enamelin solutions (B) and that of the 32-kDa enamelin (C). rP148 final
concentration was 0.2 mg/ml and those of enamelin were 0.032 mg/mL, 0.0064 mg/mL, and
0.0032 mg/mL for 1:10, 1:50 and 1:100 enamelin:amelogenin molar ratios respectively.
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Table 1

The average particle size distribution of enamelin, amelogenin and their complexes was estimated by ImageJ
software. Particle sizes in the mixture of enamelin and amelogenin are significantly different that those of
enamelin only or amelogenin only (p<0.0001)

Diameters (nm) (average, N=50) enamelin (0.032 mg/mL) rP148 (0.2 mg/mL) enamelin: rP148 (1:10)

pH 6.5 10.9 ± 2.3 14.7 ± 3.3 18.6 ± 4.2

pH 7.4 13.2± 2.9 118.5 ± 30.2 34.7 ± 10.3 (parent particle*)
11.6 ± 3.7 (oligomeric particle*)

*
Parent particle were the particles with the diameters size more than 20 nm; oligomeric particle were the particles with the diameters size less than

20 nm (25).

p = 5.7E-20, (pH6.5; rP148 compare with rP148-enamelin)

p = 5.6E-23, (pH6.5; enamelin compared with rP148-enamelin)

p = 5.3E-23, (pH7.4; rP148 compare with rP148-enamelin)

p = 5.8E-24, (pH7.4;enamelin compare with rP148-enamelin)
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Table 2

Hydrodynamic radii (RH), molecular weight (MW), and mass distribution of particles in the enamelin-rP148
solutions (rP148, 0.20 mg/ml, 25mM PBS, 0.15M NaCl, at room temperature)

enamelin: rP148 RH (nm) MW (kDa) Mass (%)

rP148
673.5 ± 67.4 13960300 100.0

- - -

1: 100
7.2 ± 0 342 2.1

657.9 ± 70 13688900 97.9

1:50
5.7 ± 0.5 196 16.4

522.6 ± 77 7711720 83.6

1:10

4.5 ± 0.1 112 78.1

51.3 ± 3 33739 0.3

356.9 ± 48 3158770 21.6
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