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Abstract

The self-assembly of the predominant extracellular enamel matrix protein amelogenin plays an
essential role in regulating the growth and organization of enamel mineral during early stages of
dental enamel formation. The present study describes the effect of the phosphorylation of a single
site on the full-length native porcine amelogenin P173 on self-assembly and on the regulation of
spontaneous calcium phosphate formation in vitro. Studies were also conducted using recombinant
non-phosphorylated (rP172) porcine amelogenin, along with the most abundant amelogenin
cleavage product (P148) and its recombinant form (rP147). Amelogenin self-assembly was
assessed using dynamic light scattering (DLS) and transmission electron microscopy (TEM).
Using these approaches, we have shown that self-assembly of each amelogenin is very sensitive to
pH and appears to be affected by both hydrophilic and hydrophobic interactions. Furthermore, our
results suggest that the phosphorylation of the full-length porcine amelogenin P173 has a small but
potentially important effect on its higher-order self-assembly into chain-like structures under
physiological conditions of pH, temperature, and ionic strength. Although phosphorylation has a
subtle effect on the higher-order assembly of full-length amelogenin, native phosphorylated P173
was found to stabilize amorphous calcium phosphate for extended periods of time, in sharp
contrast to previous findings using non-phosphorylated rP172. The biological relevance of these
findings is discussed.
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Introduction

Amelogenin has been shown to play an essential role in the formation of the hierarchical and
intricate microstructure of dental enamel. Enamel is uniquely composed of extremely long
and narrow mineral crystals packed into parallel arrays, called enamel rods, which are
arranged in organized interwoven patterns. Amelogenin is the predominant component of
the extracellular matrix produced by the ameloblast cell layer during enamel formation. The
critical role of amelogenin in regulating enamel structure has been demonstrated through
studies of the amelogenin-null mouse that exhibits a dramatic enamel phenotype with a thin
layer of enamel being formed and a loss of the noted enamel rod pattern [1]. Single point
mutations in the amelogenin gene have also been associated with families with amelogenesis
imperfecta that display similarly malformed enamel.

In the initial secretory stage of the enamel mineral formation process, amelogenesis, long
thin ribbons of mineral begin to form almost immediately as the enamel matrix is being laid
down by the ameloblasts [2—4]. The initially formed mineral ribbons that occupy only 10—
20% of the matrix volume are organized in parallel arrays that reflect the final organized
structure of mature enamel. Although full-length amelogenin undergoes selective proteolytic
processing soon after secretion, the intact full-length molecule has been shown to be
exclusively located in the region of newly formed enamel mineral [5]. During the final
maturation stage of amelogenesis, the organic matrix is removed almost completely by
additional proteases thus allowing the mineral ribbons to grow dramatically in width and in
thickness, resulting in an enamel tissue that is >95% mineral, containing only 1-2% organic
matter and a small amount of water. The transient nature of the organic matrix is not
common in biomineralization processes [6] and reflects an unique feature of the
amelogenesis process.

A number of studies have been carried out to elucidate the role of amelogenin in enamel
formation. Amelogenin and its cleavage products, which constitute 90 wt% of the
extracellular enamel matrix [7,8], are characterized by a high content of proline, glutamine
and histidine that comprise together about 50% of all amino acids in these molecules [9,10].
In addition, there are three discernable domains in the amelogenin molecule: a tyrosine-rich
N-terminal domain of 45 amino acids, a large hydrophobic central region comprised
primarily of X-Y-P repeat motives (P, proline; X and Y are mostly glutamine), and a
hydrophilic C-terminus of 11 amino acids that is highly conserved among different
vertebrate species [11] (Fig. 1). During enamel development, amelogenin proteolysis
proceeds from the C-terminus, resulting in the loss of the hydrophilic portion of the
molecule.

Results from both in vitro and in vivo studies suggest that proper enamel formation is related
to the capacity of amelogenin to form higher-order structures through self-assembly (for
reviews, see Fincham et al., 1999; Margolis et al., 2006) [8,12]. Early in vitro studies using
atomic force microscopy (AFM) and dynamic light scattering (DLS) showed that full-length
amelogenin has the capacity to form spherical nanoparticles, called nanospheres, with a size
range from 16 nm — 70 nm in diameter [13-16]. Based, in part, on the detection of chains of
similarly sized nanometer spheres found in vivo by TEM examination of sections of forming
enamel [14,17-19] it was suggested that such nanospheres further aggregate into higher-
order structures that ultimately guide crystal growth and organization [20-22]. Using a
combination of DLS and small angle X-ray scattering (SAXS) [23,23] data were
subsequently obtained that suggest that ‘nanospheres’ of the full-length amelogenin have the
ability to assemble further to form extended chain-like structures in solution. These findings
are in agreement with other in vitro data that showed that amelogenin has the capacity to
form chain-like structures under specified conditions [24-28]. Combined DLS and SAXS
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data also suggest that full-length amelogenin nanospheres consists of a dense hydrophobic
core surrounded by a less-dense and hydrophilic shell comprised of the charged C-terminal
domain of amelogenin, and that the charged C-terminal domain regulates the aggregation of
full-length amelogenin nanoparticles [23], consistent with a recently proposed model [29].

The ability of full-length amelogenins to form higher-order assemblies may be related to
their ability to guide the growth and ordered assembly of needle-like apatitic crystals. In
vitro experiments have shown that amelogenins can regulate the shape of growing calcium
phosphate crystals [24,30-32]. In addition, we have shown that full-length recombinant
amelogenins can regulate the formation of bundles of parallel aligned apatitic crystals in
vitro, similar to those seen in developing enamel, through a cooperative mechanism of
simultaneous protein assembly and spontaneous crystal growth [12,24,33]. In vitro findings
have also shown that full-length recombinant porcine amelogenin can transiently stabilize
initially formed nanoparticles of amorphous calcium phosphate (ACP) [33], the first mineral
phase found in forming enamel [34]. In the presence of the full-length porcine amelogenin,
these nanoparticles were found to align to form linear needle-like particles that subsequently
transformed and organized into parallel arrays of apatitic needle-like crystals. These
phenomena, however, were not observed when a recombinant cleavage product that lacked
25 C-terminal amino acids (including the hydrophilic domain) was used, that instead
exhibited almost no effect on calcium phosphate growth. In sharp contrast to these findings,
however, when the native version of this cleavage product phosphorylated at the single
serine-16 (S-16) site was used, initially formed ACP nanoparticles were stabilized for more
than 24 hours and did not transform to crystalline material in the presence of the
phosphorylated protein. Hence, amelogenin phosphorylation may play a critical role in the
mechanism of mineralization during enamel mineral formation. The effects of
phosphorylation on the self-assembly of native full-length amelogenin and its regulation of
mineral formation in vitro, however, have not been elucidated.

The present study was carried out using native and recombinant porcine amelogenins to
determine the effect of phosphorylation on amelogenin self-assembly in vitro, under relevant
physiological conditions of temperature, pH and ionic strength. DLS and transmission
electron microscopy (TEM) approaches were used, as in previous studies from our
laboratory [28]. Because of its importance to self-assembly and mineralization, the role of
the hydrophilic C-terminus was also investigated. In addition, the effect of phosphorylation
of full-length porcine amelogenin on spontaneous calcium phosphate mineral formation in
vitro was investigated. These studies were designed to provide a better understanding of the
mechanisms that control the formation of the exquisite tooth enamel structure and to
potentially aid the development of biomimetic approaches for mineralized tissue
regeneration.

Material and Methods

Preparation of Porcine Amelogenins

Full-length recombinant and native porcine amelogenins were utilized in the present study,
along with selected cleavage products. Native full-length porcine amelogenin P173 and its
predominant cleavage product P148 were isolated and purified from developing tooth buds,
as previously described [35,36]. Recombinant (r) analogs of these proteins, rP172 and
rP147, were produced and purified as described in prior reports [37,38]. The recombinant
proteins, derived from bacteria, lack a single phosphate group at serine-16 (S-16) and an N-
terminal methionine that are both present in the native full-length amelogenin (P173) from
pig (Fig. 1). P148 and rP147 differ from the full-length recombinant (rP172) by lacking 25
C-terminal amino acids, including the hydrophilic C-terminal domain, as indicated. Unlike
rP172 and rP147, P173 and P148 have a single phosphate group at S-16 (Fig. 1).
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Preparation of protein stock solutions

Protein stock solutions of 5 mg/mL were prepared by dissolving lyophilized proteins in
filtered (0.2 um), ice-cold, distilled and de-ionized water (DDW). Stock solutions had initial
pH values below 4 and were stored for at least 24 hours at 4°C to ensure complete
dissolution. Complete dissolution of proteins samples was confirmed using dynamic light
scattering (DLS), as described below, that showed particle sizes that were between 1 nm and
2 nm, consistent with the presence of monomers or dimers [28]. Just prior to use in self-
assembly and mineralization studies, protein stock solutions were centrifuged (10,900 x g,
Eppendorf Centrifuge 5403) at 4°C for 20 minutes, to remove dust and particulate matter.

Dynamic light scattering (DLS) studies

Using the described stock solutions, 2 mg/mL protein solutions were prepared with different
concentrations of pH-adjusted Tris-HCI buffer (Sigma Aldrich) as a means to adjusting the
ionic strength (IS) of the solution. More specifically, Tris-HCI buffers adjusted to pH 7.2 at
either 25°C or 37°C were prepared to yield IS values of 163 mM, 64 mM and 15 mM
(www.liv.ac.uk/buffers/buffercalc.html). An IS of 163 mM was chosen for study since it
corresponds closely to the IS found for the enamel fluid phase of secretory enamel [39].
DDW, as well as all buffer stock solutions, were filtered (Whatman Syringe filter 0.2um)
before use.

DLS measurements were performed on a DynaPro MSXTC/ 12 instrument (Wyatt),
equipped with a 825.2 nm gallium-arsenide diode laser (DynaPro-99-E-50) of
programmable power. The instrument has a temperature-controlled sample holder (precision
of 0.1°C) for a quartz cuvette of 12 pL, which was used in all experiments. Scattering data
were collected at an angle of 6 = 90° and processed using the software program
DYNAMICS V8, version 6.3.40. A proprietary non-negative least square algorithm and
cumulants were used in the calculation of mean particle size values, percent polydispersity,
the baseline value, and the sum of squares. A regularization algorithm and a model for
isotropic spheres was used to resolve for up to five multimodal populations and the percent
polydispersity, normalized to the mean size of the peak and the hydrodynamic radius (Rp).

A 12 uL aliquot of protein solution prepared on ice was transferred to the quartz cell
maintained at 4°C. The quartz cell, closed with a plastic stopper, was then transferred to the
DLS instrument and sealed with parafilm. Measurements started at 20 minutes after
inserting the quartz cell into the temperature-controlled chamber and proceeded through a
series of temperature steps, in three-degree intervals to 43°C, or until the scattering intensity
went off scale, with an equilibration time of 5 minutes after each temperature increase. Four
measurements, each consisting of 20 acquisitions of a 5-second duration, were performed at
the same temperature in 5-minute intervals. Consequently, each sample was kept at any
given temperature for slightly more than 20 minutes. We found this approach useful to
monitor potential particle size changes during data collection at each temperature. This
approach takes advantage of the large temperature coefficient of Tris-HCI (—0.031ApH/°C)
to study protein assembly over a pH range between pH 8.3 and pH 7.0 by varying the
temperature during the course of the experiment [28].

The pH at which off scale scattering occurred (Table 2) was inferred for each DLS
experiment from the known relationship between temperature and pH. Reported mean
values for this pH, are based on repeat experiments (N > 3), taking the temperature step in
the DLS experiment (and the corresponding pH value) where the scattering goes off scale in
the majority of samples. It should be noted that in most experiments this occurs at the same
temperature/pH in each repeat, and if any variability is observed, it is one temperature step,
that is 0.08 pH units. Excellent agreement between expected and measured pH values was
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obtained for samples of amelogenin with concentrations of 2 mg/mL and Tris-HCI buffer
concentrations at 80mM (1S = 64 mM) and 200 mM (IS = 163 mM), consistent with our
previous findings using 80 mM Tris-HCI [28]. However, samples prepared with 20 mM
Tris-HCI could not be studied precisely using this DLS approach, since we found that the
pH of this buffer did not change in a completely predictable fashion as the temperature of
the sample was increased. Measured pH values were found to be about 0.1 — 0.2 pH units
below the expected pH values for this buffer concentration. Therefore, we report here the
particle sizes at IS = 15mM at pH values above the point where off-scale DLS scattering
was observed (Table 1) and provide an estimate of this transition pH value at IS = 15 mM
for each protein (Table 2).

TEM analyses of protein assemblies

Protein solutions of 2 mg/mL were prepared as described above with the desired IS
regulated by Tris-HCI buffer adjusted to pH 7.2 at 37°C. Samples of P173 at pH 7.0 at 37°C
were also prepared in MES buffer. Sample aliquots of 6L were pipetted onto carbon coated
Ni-grids #400 (EMS, Hartfield, PA) and incubated for 40 minutes at 37°C in a humidity
chamber. Samples were then blotted on Grade 1 Whatman filter paper (Cat. No 10001-329),
rinsed in filtered DDW or 20mM Tris-HCI adjusted to the desired pH 7.2 at room
temperature, blotted again, and then air-dried for several minutes. For negative staining, 1%
filtered phospho-tungstic acid (pH 7.2) was applied for 30 seconds. The samples were then
blotted again and air-dried. Grids were prepared in duplicate. TEM analyses were carried out
using a JEOL 1200 TEM microscope at 100 KV, in bright field. Images were captured using
an AMT CCD camera (AMT, Danvers, MA). Image analyses (i.e., particle size
measurements) were subsequently performed using ImageJ 1.64 (NIH, Bethesda, MD,
http://rsh.info.nih.gov/ij/download.html).

Mineralization studies

Stock solutions of calcium (30 mM) and phosphate (3 mM) were prepared using reagent
grade CaCl,.2H,0 (Sigma, > 99.0 % pure) and KH,PO,4 (Sigma, > 99.0 % pure). The
KH,PO, solution was adjusted to pH 7.4 at 25°C, using a small volume of KOH. With the
exception of the centrifuged protein solution, all solutions were filtered (0.22 um Isopore
filters (Millipore)) prior to use. Aliquots of calcium and the pH-adjusted phosphate solution
were sequentially added to protein solutions to yield final concentrations of 2.5 mM Ca, 1.5
mM P, and 2 mg/mL protein, with a final volume of 60 pL. The reaction solutions
(including protein) have an initial pH value of ~ pH 7.4 upon mixing of all solution
components. The samples were then placed in a thermostatic water bath adjusted to 37°C. In
order to minimize evaporation, the reaction tube was tightly sealed with a cap or parafilm
(America National Can, Chicago, IL). Each experiment was carried out using two identically
prepared samples. In one sample, a micro-combination pH electrode (MI-410,
Microelectrodes Inc., Bedford, NH) was immersed in the reaction solution to monitor
changes in pH as a function of time. The other sample was used for TEM analyses, as
described below.

Fourier transform-Infrared (FT-IR) spectroscopy analyses

Following each mineralization experiment, reaction mixtures were concentrated by
centrifugation and the removal of 20 pl of the supernatant. A 20 pL aliquot of the
concentrated sample was then placed on a KBr sheet (KBr IR Card, International Crystal
Labs, Garfield, NJ) and dried overnight in a vacuum desiccator at room temperature. FT-IR
spectra (4000 to 450 cm™1) of these samples were then obtained using a Perkin-Elmer,
Multiscope FT-IR Microscope. Routinely, 128 scans and 4 cm™1 resolution were used.
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TEM analyses of mineral products

Five (5) uL aliquots were taken for TEM analyses at specified times during the
mineralization reactions. These aliquots were placed on carbon-coated Cu grids (Electron
Microscopy Sciences, Hartfield, PA) for 0.5 — 1 min., blotted vertically against filter paper,
quickly rinsed with distilled water, blotted again, and then air-dried. Grids were prepared in
duplicate. Images were obtained in bright field and selected area electron diffraction
(SAED) modes using a JEOL 1200 TEM operated at 100 KV and captured by an AMT CCD
camera (AMT, Danvers, MA). The analysis of micrographs was performed using NIH
ImageJ 1.64 software (NIH, Bethesda, MD).

Statistical Methods

Single factor ANOVA tests (alpha 0.01) were used to compare the results derived from
TEM analyses and to test for significant differences between the sizes and dimensions of
formed assemblies.

Results

Effects of phosphorylation on amelogenin self-assembly

- DLS findings—As shown in Fig. 2, for DLS experiments carried out at ionic strengths of
15 mM, 64 mM, and 163 mM, all proteins studied formed small and similarly sized
nanoparticles at higher pH values, with mean hydrodynamic radii (Ry) between 13 and 17
nm (Table 1), and exhibited a monomodal particle distribution with polydispersity values
consistent with previously published results [40]. Differences between proteins, however,
became apparent as the pH is lowered with increasing temperature where, at specific pH
values, DLS scattering intensity increased sharply and dramatically beyond the detection
limit of the instrument (Fig. 2) indicating further aggregation of all proteins. The pH values
where off-scale scattering occurs are clearly higher in samples of rP147 and P148 compared
to the full-length molecules (Fig. 2, Table 2). For example, at IS = 64 mM the cleaved
proteins rP147 and P148 showed a dramatic change in scattering intensity at pH 7.8 and pH
7.6, respectively, whereas the full-length proteins rP172 and P173 remain as monomodal
particle populations with Ry values ~15nm until pH values reach pH 7.3 (Fig. 2). Variation
in ionic strength from IS = 15 mM to the physiological value of IS = 163mM [39] did not
cause significant differences in particle sizes in the pH range prior to the formation of larger
assemblies in any of the studied amelogenins. lonic strength, however, was found to have
some effect on the pH at which off-scale scattering begins. This effect is more pronounced
in the recombinant proteins compared to the native phosphorylated forms of amelogenin
(Fig. 2). A greater IS effect was observed in samples of rP147, compared to P148, with
respect to the pH at which off-scale scattering begins. A notable effect of IS is apparent in
samples of rP172 (Fig. 2), where a shift of 0.3 pH units is observed for the onset of off-scale
scattering from pH 7.0 at IS = 64 mM to pH 7.3 at IS = 163 mM (Fig. 2, Table 2). However,
as shown in Table 2, small differences between the pH values at which DLS off-scale
scattering occurs were found for the native proteins in comparison to their recombinant
analogs (i.e., P148 vs. rP147; P173 vs. rP172) for all IS values.

- TEM findings under conditions of physiological IS = 163 mM—In general, TEM
results obtained for samples prepared at selected IS values at pH 7.2 were consistent with
observed DLS measurements of samples in solution under the same conditions. At IS = 163
mM, as shown in Fig. 3, very large aggregates were observed using TEM for rP147 and
P148, the two amelogenins that exhibited off-scale scattering at pH values well above pH
7.2 (Fig. 2). The more hydrophobic molecules had a tendency to form large agglomerations.
It was difficult to get an even and thin distribution of these protein samples on the TEM
grids for this reason, especially for samples of P148 (Fig. 3) that formed very large sphere-
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like particles (200 — 500 nm in dia.), as noted in Table 3. The larger aggregates observed in
experiments with P148 were comprised of smaller spheres (~5 nm in dia.) (Fig. 3). Isolated
spherical nanoparticles of P148 were not observed. In contrast, in the experiments with
rP147, thread-like, interconnected structures (up to ~ 100 nm long) were observed in
addition to larger agglomerates (Fig. 3a). These results clearly indicated that, although both
rP147 and P148 exhibited a similar tendency to form large agglomerations, the presence of
single phosphate had a significant effect on the supramolecular assembly of the cleaved
amelogenins studied.

In contrast to the cleaved molecules, the full-length amelogenins that exhibited off-scale
scattering below pH 7.2 at 1IS=163 mM, did not form large aggregates at this pH value. More
specifically, P173 appeared at pH 7.2 as either isolated spheres or as very small, elongated
aggregates of these spheres (~2—4 particles long), as shown in Fig. 3 and described in Table
3. The full-length amelogenin rP172, however, showed the presence of some very long
elongated structures (up to ~ 300 nm long) at pH 7.2, 1IS=163 mM, along with isolated
spherical particles and smaller elongated aggregates (Fig. 3). The elongated rP172 structures
were comprised of smaller spherical particles ~ 10 nm in diameter (Table 3). However, as
shown in Fig. 4, when P173 was prepared at pH 7.0 (1S=163 mM), instead of pH 7.2, very
long chains (up to ~270 nm) of spherical nanoparticles (9.9 + 2.1 nm in dia.) similar to those
seen with rP172 appeared to predominate, although isolated spheres of similar size (9.4 +
2.6 nm in dia.) were also seen. For comparative purposes, rP172 at pH 7.2 is also shown in
Fig. 4 at higher magnification. These TEM data suggest that both full-length molecules form
similar elongated chain-like structures although at slightly different pH values.

- TEM findings under conditions of lower IS of 15 and 64 mM—As shown in Fig.
5, at an IS of 64 mM, elongated assemblies of rP172 were also observed at pH 7.2. These
structures again extended up to 300 nm in length (Table 3), as was seen for rP172 at higher
IS (163 mM), although on average (data not shown) chain-lengths were shorter at IS = 64
mM (Fig. 3). Ata lower IS of 15 mM and pH 7.2, rP172 appeared to be present primarily as
isolated spheres (Fig. 5). On the other hand, full-length native amelogenin P173 under IS =
64 mM conditions was found to form some elongated structures at pH 7.2, unlike that
observed at the higher IS of 163 mM. At yet lower IS of 15 mM, P173 was again found to
form elongated structures, unlike what was observed for rP172. As seen at higher IS at pH
7.2 (Fig. 3), P148 tended to form large unstructured aggregates at lower IS of 15 and 64 mM
at pH 7.2, that appeared to be made up of elongated sub-units structures (Fig. 5). At both 15
and 64 mM IS at pH 7.2, rP147 exhibited interconnected spherical particles. Like pH,
variations in IS had a notable effect on the structural organization of the full-length
amelogenins. A summary of TEM data obtained at pH 7.2 as a function of IS values studied
is provided in Table 3.

Effect of full-length native amelogenin on the spontaneous formation of calcium

phosphate

The effect of P173 on the rate of spontaneous calcium phosphate precipitation was
monitored via changes in pH. In the absence of protein (control), a decrease in pH was
observed to take place in three distinct steps, corresponding to an initial induction period of
~ 15 min associated with the formation of amorphous calcium phosphate (ACP), as shown
below, followed by rapid and slower apatitic crystal growth phases (Fig. 6). In sharp contrast
to these findings, however, in the presence of P173, relatively little pH change was observed
for 1 day (Fig. 6) and even longer (i.e., up to 3 days (data not shown)). At the beginning of
the reaction, the pH decreased slightly (ApH= ~ 0.2) during the first hour and then slowly
increased to almost the initial pH value that remained relatively constant for up to 24 h, as
shown. Marked changes in pH as seen in the control were not observed. These results show
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that P173 has a profound effect on mineralization, as clarified by TEM and FT-IR, as
described below. Similar results were obtained for multiple repeats (at least n=3) using 5
different preparations of P173.

- TEM and SAED analyses of mineral phases—In the absence of amelogenin
(control), mono-dispersed spherical particles (d = 75.9 £ 9.8 nm, n = 60) of ACP were
observed by TEM within the first 15 min, as confirmed by SAED (Fig. 7A, 15 min, inset).
These nanoparticles then transformed to randomly arranged thin plate-like crystals (1 = 122.7
+25.1 nm, n=71) after 1 d (Fig. 7A, 1d). SAED analyses (Fig. 7A, 1d, inset) were
consistent with the formation of hydroxyapatite (HA) crystals. In marked contrast to the
control, mono-dispersed particles and/or networks of ACP were observed by TEM in
samples containing P173 at time points from 15 min (d =9.3+2.0nm,n=90)to 1d (d =
12.4 £ 3.5 nm, n=103) (Fig. 7B). These particles were much smaller in diameter than ACP
particles initially formed in the control. SAED patterns of 1 d samples were characteristic of
ACP, consistent with the lack of pH change observed during the mineralization experiments
in the presence of P173.

- FT-IR analyses of mineral phases formed—In the absence of protein (Fig. 8(a)), the
FT-IR spectra of 1-d samples were found to correspond to a poorly crystalline apatitic phase,
with a major absorbance peak at about 1033 cm~1 and a shoulder at 1117 cm™~? arising from
asymmetrical v stretching vibrations of PO, 3~ [41]. The fact that these bands are not well
resolved to reveal additional splitting, reflect the small size of the mineral particles formed
and/or suggest that the resulting minerals have low crystallinity. In contrast, in samples
prepared in the presence of P173 (Fig. 8(b)), a broad, featureless band was observed at 950
to 1150 cm™1 in the v3 phosphate region, characteristic of ACP [41]. In samples containing
P173, Amide | and Amide Il bands in the 1600-1700cm™! and 1500-1600 cm ™2,
respectively, were observed, indicating the presence of proteins in the reaction products. The
band between 1400 and 1500 cm™2 represents protein side-chain vibrations. A band at 1650
cm™1, seen clearly in the control, is most likely the hydroxyl group from water or HA. FT-
IR analyses of the mineralization reaction products are consistent with SAED results
obtained for 1-d control samples and samples prepared in the presence of P173 (Fig. 7B),
and provide further evidence that P173 is a potent stabilizer of ACP.

Discussion

The present results show for the first time that the full-length native (phosphorylated)
amelogenin P173 has the capacity in vitro (e.g., Fig. 4) under physiological conditions of
ionic strength (1IS=163 mM) and temperature (37°C) to form higher order chain-like
structures that are similar to those observed for its recombinant (non-phosphorylated) analog
rP172. However, although amelogenin phosphorylation does not significantly alter the
ability of full-length amelogenin to form higher order chain-like structures, our results show
that phosphorylation at a single site (S-16) has a small but potentially important effect on the
pH at which the onset of higher-order assembly of full-length amelogenin takes place. Based
on both DLS (Fig. 2, Table 2) and TEM (Figs 3 and 4) findings, the formation of higher-
order amelogenin assemblies from similarly sized spherical nanoparticles (Table 1) is very
sensitive to pH. As shown in vitro at pH 7.2 under physiological conditions (Fig. 3c,d),
recombinant and native full-length amelogenins have markedly different self-assembly
structures. P173 appears primarily as isolated spherical particles, while rP172 predominantly
forms very long chain-like structures. At pH 7.0, however, P173 similarly forms elongated
chain-like assemblies that are nearly identical in appearance (Fig. 4) and size (Table 3) to
rP172 structures formed at pH 7.2 under the same physiological conditions of IS and
temperature in vitro. These findings suggest that both the structure and possible biological
function of full-length amelogenin are regulated by tightly controlled pH values found in
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developing rat (pH 7.23) and pig (pH 7.26) enamel during the secretory stage of
amelogenesis [4,39,42,43]. In contrast to the full-length amelogenins, the predominant
native (phosphorylated) amelogenin cleavage product found during the secretory stage of
amelogenesis [35,44], P148, and its recombinant analog rP147, exhibited tendencies to form
large aggregates, under the same experimental physiological conditions (Table 3), although
rP147 also tended to form smaller interconnected structures, unlike P148. The formation of
larger aggregates of these more hydrophobic amelogenins that lack the hydrophilic C-
terminus domain takes place at substantially higher pH values of pH 7.6 — 7.7 (Table 3,Fig.
2). These results are consistent with our previously reported findings at IS = 64 mM [28] and
again demonstrate that the hydrophilic C-terminal domain of both native and recombinant
full-length amelogenin plays a critical role in the formation of higher order chain-like
assemblies, as found in other studies using recombinant amelogenins [23,26,27].

Despite the fact that we have found in the present study that P173 and rP172 behave
similarly with respect to their ability to form chain-like structures in vitro (e.g., Fig. 4),
albeit at somewhat different pH values, the single phosphate group was found to have a
dramatic effect on calcium phosphate formation. P173 was found to stabilize ACP for long
periods of time and prevent its transformation to HA, unlike that observed using rP172
under the same in vitro conditions [33]. In contrast to P173, rP172 was found to stabilize
ACP for relatively short periods of time and subsequently guide ACP transformation and the
organization of forming HA crystals. These findings have important biological implications,
as they are supported by earlier electron microscopy studies that suggested that ACP is the
first mineral phase formed in secretory enamel [45,46]. Consistent with these latter reports, a
recent study using multiple characterization techniques has conclusively demonstrated that
ACP is the first enamel mineral formed during the secretory stage of amelogenesis that
subsequently transforms into apatitic crystals [34]. Importantly, ACP mineral particles were
found to be organized in parallel arrays in newly deposited enamel that were similar in
morphology and organization to regions of older enamel that were comprised of mineral
crystals. These observations indicate that mineral morphology and organization in
developing enamel are established by the organic matrix prior to its crystallization,
consistent with our in vitro findings using rP172 [33]. We hypothesize that the capacity of
rP172 to organize the arrangement of growing crystals in vitro is related to its ability to form
higher order chain-like structures. Furthermore, in our recent study on in vitro collagen fibril
mineralization in the presence of amelogenin, the first mineral phase formed was ACP that
was again transiently stabilized by amelogenin [47]. Strong evidence has also been obtained
to show that transient mineral phases, including ACP, are involved in bone formation [48—
50].

Based on the results of the present study showing that the full-length native amelogenin
P173 has the capacity to form higher-order chain-like structures similar to those formed by
recombinant porcine full-length molecule [13,23,24,28,32] that can guide the formation of
organized arrays of apatitic crystals via ACP nanoparticle precursors [33], it is likely that the
native full-length protein plays a similar role in vivo. This notion is further supported by the
fact that full length amelogenin and organized arrays of ACP particles are both present only
in the youngest layers of enamel in a close proximity to ameloblasts [34] and the decrease in
the full length amelogenin in the matrix due to its proteolytic cleavage [51,52] coincides
with ACP phase transformation in the older layers of enamel [34]. Along these lines, it has
been proposed that the linear assemblies of spherical structures found in developing enamel
contain enamel matrix proteins and amorphous mineral particles that subsequently fuse and
transform into long apatitic crystals upon the proteolytic processing of enamel matrix
components [53,54]. Although such a mechanism is worthy of consideration, no direct
evidence has yet been provided in support of this proposal. The fact that P173 was found in
the present study to be an effective stabilizer of ACP in vitro is consistent with the noted in
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vivo findings [34] that suggest that ACP persists in developing enamel for substantial
periods of time prior to transformation to apatitic crystals. Studies are currently underway in
our laboratory to explore relevant factors that can affect the transformation of ACP to HA in
the presence of the full-length native amelogenin P173. Despite the mechanism involved,
however, the present results clearly show that phosphorylation is an important functional
element of the amelogenin structure. Previously we found that the predominant native
porcine degradation product P148 that lacks 25 C-terminal amino acids and the hydrophilic
C-terminus similarly stabilizes ACP formation and prevents its transformation to HA in
vitro [33]. However, unlike the non-phosphorylated analog of rP172, rP147 had almost no
influence on calcium phosphate formation in vitro. In agreement with this latter observation,
our present findings show that P148 and rP147 do not tend to form higher-order chain-like
structures like those found for P173 and rP172. Hence, organized mineral formation in
developing enamel is likely to be guided primarily by full-length amelogenin through its
ability to form organized assemblies. At the same time, phosphorylated P148 may play an
important role through its capacity to stabilize ACP and inhibit of HA formation [33]. As the
major protein component found in the secretory stage of developing pig enamel [35,36], this
capacity would serve to prevent unwanted crystal formation throughout the majority of the
extracellular matrix during the secretory stage of amelogenesis in which nascent enamel
mineral particles occupy only 10 — 20% of its total volume [55,56]. Based on present and
prior findings, we propose that P173 and P148 play distinctly different roles in the process
of amelogenesis that reflect, in part, difference in their capacities for self-assembly.

As we have previously discussed [28], changes in solution pH can induce protein assembly
through the alteration of charges on amino acid side-chains that result in a net reduction in
electrostatic repulsion between similarly charged proteins. Our present results are consistent
with other findings that support this general concept [57] and previous work from our
laboratory [28]. These results show that the onset of aggregation of amelogenin
nanoparticles to form larger protein assemblies takes place, in general, at pH values near the
respective protein isoelectric points, consistent with other recent reports [58,59]. Hence,
these collective findings suggest that hydrophobic interactions between amelogenins play an
important role in amelogenin self-assembly. A similar conclusion was drawn from studies
on the adsorption of recombinant full-length mouse amelogenin (rM179) onto positively
charged polyelectrolyte films [60]. Given the fact that amelogenin primarily contains
hydrophobic residues, it is reasonable that hydrophobic interactions represent an important
factor with respect to the regulation of protein-protein interactions. Accordingly, it is also
reasonable that, in most cases, large variations in ionic strength (i.e., 15— 163 mM) had a
relatively small impact on 1) the size of amelogenin nanoparticles observed prior to off-scale
DLS scattering, i.e. prior to further protein aggregation at relatively lower pH values (Table
1) and 2) the pH value at which amelogenins formed these larger aggregates (Table 2). In
summary, our results indicate that hydrophobic interactions play an essential role in
amelogenin self-assembly.

Similarly, like pH, IS had a notable effect on the structures of the “larger aggregates” of the
full-length amelogenins that formed in the vicinity of pH values (i.e., pH 7.2) where the
onset of higher-order amelogenin assembly was observed for the full-length molecules (Fig.
2). As reported here (Figs. 3 and 5; Table 3), the tendency for rP172 to form chain-like
structures at pH 7.2 increased with a decrease in IS, while the opposite was observed for
P173. Although the reason for the difference in the observed effect of IS on the behavior of
P173 and rP172 is not apparent, this difference is likely related to the presence of the single
phosphate group in the native protein. Thus, as demonstrated here by the observed effect of
pH, IS, and the presence of specific charged protein residues (i.e., the hydrophilic C-
terminal domain and the single phosphate group on S-16) on the formation of chain-like
amelogenin structures, ionic interactions also clearly play an important role in amelogenin
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assembly. A recent collaborative study from our laboratory [40] using DLS and small-angle
X-ray scattering has found that full-length recombinant amelogenins (rP172 and rM179) in
solution are actually best described as non-spherical oblate nanostructures and not as
spherical nanoparticles. These anisotropic structures may reflect asymmetries in surface
properties (e.g., surface charge) that help to explain why full-length amelogenin
nanoparticles form anisotropic elongated chain-like structures.

Conclusion

In summary, the present study shows that the phosphorylation of the single site on full-
length porcine amelogenin P173 has a small but potentially important effect on its higher-
order self-assembly into chain-like structures under physiological conditions of pH,
temperature and ionic strength. This importance is related to the fact that higher-order
amelogenin self-assembly is very sensitive to pH. Our findings also suggest that amelogenin
self-assembly is affected by both hydrophilic and hydrophobic interactions. Despite the fact
that the presence of the single phosphorylation site on native full-length porcine amelogenin
P173 has a subtle effect on self-assembly, it was found to have a profound effect on calcium
phosphate formation in vitro.
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Amino acid sequence of studied amelogenins:

P173

P148

rP172

rP147

MPLPPHPGHPGYINES"YEVLTPLKWYQNMIRHPYTSYGYEPMGGWLHHQIIPVVSQQTP

QSHALQPHHHIPMVPAQQPGIPQQPMMPLPGQHSMTPTQHHQPNLPLPAQQPFQPQPVQ

PQPHQPLQPQSPMHPIQPLLPQPPLPPMFSMQSLLPDLPLEAWPATDKTKREEVD
Hydrophilic C-Terminus

MPLPPHPGHPGYINFS'YEVLTPLKWYQNMIRHPYTSYGYEPMGGWLHHQIIPVVSQQTP
QSHALQPHHHIPMVPAQQPGIPQQPMMPLPGQHSMTPTQHHQPNLPLPAQQPFQPQPVQ
PQPHQPLQPQSPMHPIQPLLPQPPLPPMFS-ssmszsssmmczsmmmnemmnensmmmnmsnmmnnsnmmmmennmnns

-PLPPHPGHPGYINFS YEVLTPLKWYQNMIRHPYTSYGYEPMGGWLHHQIIPVVSQQTP
QSHALQPHHHIPMVPAQQPGIPQQPMMPLPGQHSMTPTQHHQPNLPLPAQQPFQPQPVQ
PQPHQPLQPQSPMHPIQPLLPQPPLPPMFSMQSLLPDLPLEAWPATDKTKREEVD

_PLPPHPGHPGYINFS-YEVLTPLKWYQNMIRHPYTSYGYEPMGGWLHHQIIPVVSQQTP
QSHALQPHHHIPMVPAQQPGIPQQPMMPLPGQHSMTPTQHHQPNLPLPAQQPFQPQP
VQPQPHQPLQPQSPMHPIQPLLPQPPLPPMES--rsnnnssmmmmssmmmnnsmmmmssmmmmmmmmmmsnmmmnnmmnns

Figure 1.

Aligned amino acids sequences of recombinant and native porcine amelogenins used in the
present study. Native proteins are phosphorylated at S-16, unlike the recombinant
counterparts. Recombinant proteins also lack the N-terminal methionine. P148 and rP147
represent native and recombinant protein cleavage products, respectively, which lack 25 C-
terminal amino acids, including an 11 amino acidic hydrophilic domain, as indicated.
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DLS results for recombinant (rP147, rP172) and native (P148, P173) porcine amelogenins at

a concentration of 2mg/mL in Tris-HCI buffer, illustrating the effect of pH on the

hydrodynamic radius (Rp) of studied proteins at ionic strengths of IS = 15 mM, 64 mM, and
163 mM. The pH of the sample changes with temperature, as indicated in the x axes, due to
the high temperature coefficient of —0.031 ApH/°C of Tris-HCI, as described in Materials
and methods. Note that higher-order self-assembly, that is the pH/temperature where off

scale scattering occurs, appears to be more affected by changes in ionic strength in

recombinant amelogenins compared to the native proteins. Differences and similarities in
protein behavior are discussed in the text.

J Struct Biol. Author manuscript; available in PMC 2012 March 5.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Wiedemann-Bidlack et al. Page 17

bt % S at‘ 'r.{:m fa

Figure 3.

TEM results for recombinant and native porcine amelogenins at 2mg/mL in Tris-HCI buffer,
pH 7.2 and ionic strength of IS = 163 mM. A) rP147, large aggregate and threadlike
structures. B) P148 forms large agglomerates. C) rP172, elongated structures of quite
variable length, some isolated spherical particles. D) P173, mostly isolated spherical
particles and some small elongated structures. Scale bar = 100 nm.
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Figure 4.

TEM micrographs of A) P173 at pH = 7.0 in MES buffer, ionic strength 1S = 163mM and B)
rP172 at pH = 7.2 in Tris-HCI buffer, ionic strength 1S = 163mM. Scale bar = 100nm. Note
that both full-length native and recombinant amelogenin form elongated structures made up
of smaller apparently spherical subunits.
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Figure 5.

Comparison between native and recombinant pig amelogenins at 2mg/mL in Tris-HCI
buffer, pH = 7.2 and ionic strengths of 15 mM (A — D) and 64 mM (E — H). A) and E)
rP147; B) and F) P148; C) and G) rP172; D) and H) P173. Scale bar = 100 nm. Note that
rP172 prevails as isolated spherical particles at low ionic strength of 15 mM but forms
elongated structures at higher ionic strength at the same pH. The change in ionic strength
appears to have the opposite effect in P173, with more and longer elongated features at low
ionic strength and more isolated spherical particles at higher ionic strength (see also Fig. 2).
Additional details are provided in the text and in Table 3.
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Figure 6.
Changes in pH as a function of time observed during mineralization experiments, in the
absence (a, control) and presence of P173 (b), monitored over a 24-h period (B). Changes in
pH are presented in an expanded scale (A) for better clarity. Similar results were obtained
for multiple repeats (at least n=3) using 5 different preparations of P173. The significance of
observed differences is discussed in the text.
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10 min.

Figure 7.

TEM micrographs of calcium phosphate mineral products formed in the absence (A, control)
and presence (B) of P173 examined at selected times (10 min, 40 min, 1 hour, and 1 day), as
described in Materials and methods. As shown (A and B) at 10 min, amorphous calcium
phosphate (ACP) was initially formed in the control and in the presence of P173, based on
the observed (insets) selected area electron diffraction (SAED) patterns. Subsequent changes
in mineral particle shape and organization with time are described in the text. As described,
in the control ACP particles form networks that appear to undergo transformation within 1
hour. After 1 day, as shown, randomly arranged plate-like apatitic crystals were found in the
control (A, inset — showing circular distribution of apatitic reflections). In contrast, ACP was
observed in the presence of P173 even after 1 day (B, inset).
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Figure 8.

FT-IR spectra of calcium phosphate minerals (after 1 day) produced in the absence (a,
control) and presence (b) of P173. FT-IR data for the control are consistent with a poorly
crystalline apatitic phase (a), while the spectrum obtained for samples produced in the
presence of P173 is characteristic of ACP (b). As discussed in the text, Amide | and Amide
Il bands can also be seen in the latter spectrum. FT-IR results are consistent with noted

SAED findings.
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Table 1
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Summary of particle sizes determined by DLS, reported as the mean hydrodynamic radius Ry [nm] at pH
values prior to off-scale scattering.

Protein rP147 P148 rP172 P173

IS=15mM | 17.1+£143) | 141+05(@3) | 145+17(3) | 146+1.4(9)
IS=64mM | 162+1.0(3) | 131+£1.0(4) | 147+1.9(3) | 14418 (4)
1S=163mM | 17.0+£1.1(3) | 13.9+09(3) | 16.1+26(4) | 154+23(3)

(N) = number of experiments
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Table 2
Summary of pH values where off-scale scattering begins, indicating the onset of very large assembly
formation.
Protein rP147 P148 rP172 P173
IS=15mM | pH>80 | pH>7.7(3) | pH<72(3) | pH7.0-7.2(3)
IS=64mM | pH7.8(3) | pH76(4) | pH7.3(3) pH 7.0 (4)
IS=163mM | pH7.7(3) | pH7.6(3) | pH7.0(4) pH 7.1 (3)

(N) = number of experiments
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