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ABSTRACT

The recent discovery of conditions that induce
nanoribbon structures of amelogenin protein
in vitro raises questions about their role in enamel
formation. Nanoribbons of recombinant human
full-length amelogenin (rH174) are about 17 nm
wide and self-align into parallel bundles; thus,
they could act as templates for crystallization of
nanofibrous apatite comprising dental enamel.
Here we analyzed the secondary structures of
nanoribbon amelogenin by x-ray diffraction
(XRD) and Fourier transform infrared spectros-
copy (FTIR) and tested if the structural motif
matches previous data on the organic matrix of
enamel. XRD analysis showed that a peak corre-
sponding to 4.7 A is present in nanoribbons of
amelogenin. In addition, FTIR analysis showed
that amelogenin in the form of nanoribbons was
comprised of B-sheets by up to 75%, while amelo-
genin nanospheres had predominantly random-coil
structure. The observation of a 4.7-A XRD spacing
confirms the presence of B-sheets and illustrates
structural parallels between the in vitro assemblies
and structural motifs in developing enamel.
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Matching 4.7-A XRD Spacing in
Amelogenin Nanoribbons and
Enamel Matrix

INTRODUCTION

melogenin has been classified as an intrinsically disordered protein

acking considerable secondary structure, but, at the same time, several
in vitro studies have reported the presence of a broad range of a-helices, poly-
proline, B-sheets, and -spirals (Renugopalakrishnan et al., 1989; Delak et al.,
2009; Jin et al., 2009; Zhang et al., 2011). Amelogenin, which makes up about
90% of all enamel matrix protein, is critical to enamel formation — the most
intricate architecture of a mineralized tissue in the human body.

Dental enamel is comprised of fibrous apatite nanocrystals to 95% by
weight. These crystals measure about 50 nanometers in diameter and are
hundreds of micrometers long, most likely forming a continuous mineral fiber
that runs from the surface of the dentin to the occlusal surface of the enamel.
The mineral fibers are well-aligned and packed into rods that develop in asso-
ciation with the movement of the Tomes’ process at the distal ends of the
ameloblasts. It is therefore surprising that the highly organized architecture of
enamel, with its structural control of mineralization at the nanometer level,
has not been associated with an organic matrix that is able to assemble into
similar higher order structures. Amelogenin is a highly hydrophobic protein
and forms nanospheres in an aqueous environment in vitro (Fincham et al.,
1999). Detailed structural evaluations of recombinant amelogenin and native
extracted amelogenin reported in the literature have been performed exclu-
sively on nanospherical amelogenin or molecular amelogenin (Delak et al.,
2009; Jin et al., 2009; Zhang et al., 2011).

Only recently have elongated and fibrous structures of this protein, exhib-
iting a structural similarity with the fibrillar morphology of apatite crystals in
enamel, been reported (He ef al., 2011). Amelogenin is also an amphiphilic
molecule, since it contains a short, about 15 residues long, hydrophilic
C-terminus. On the basis of the amphiphilic character, an emulsion system
was developed that facilitated assembly of amelogenins into nanoribbons at
the water-oil interface (He ef al., 2011; Martinez-Avila et al., 2011). In these
studies, amelogenin showed the ability to form nanoribbons of 16.7 (= 1) nm
in width and several micrometers in length. Most importantly, these initial
studies revealed that 2 ions, calcium and phosphate, were essential for the
formation of ribbons from recombinant amelogenin, suggesting that they are
required for proper folding of the protein. Both ions are the main components
of apatite mineral and are available in abundance in developing enamel. The
ions appear to stabilize protein dimers, which act as building blocks for
assembly into nanoribbons. In a subsequent study, identical amelogenin
nanoribbons were reproduced in calcium- and phosphate-rich solutions in the
absence of an oil phase (Martinez-Avila et al., 2012). Such ribbons form with
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similar kinetics over a period of days. Ribbon assembly requires
a slightly acidic pH between 4 and 6 and is attributed to the
importance of histidine protonation for proper folding of amelo-
genin molecules and possible phosphate interactions (Martinez-
Avila et al., 2012).

The structure of developing enamel and its insoluble portion
of the organic matrix has been extensively analyzed, and evi-
dence of aligned fibrillar protein structures has been provided by
electron microscopy (Perdok and Gustafson, 1961; Travis and
Glimcher, 1964; Nanci et al., 1985). In addition, x-ray diffrac-
tion (XRD) studies on fixed and demineralized enamel matrices
were performed to investigate the presence of secondary struc-
tures of the enamel proteins. A sharply oriented reflection at 4.7
A was observed by several investigators between 1958 and 1964
in human, bovine, and rodent enamel (Little, 1958; Pautard,
1961; Perdok and Gustafson, 1961; Travis and Glimcher, 1964,
Glimcher et al., 1965). A detailed study that carefully aimed to
preserve the protein native structure by a series of different fixa-
tion protocols confirmed the 4.7-A reflection in 1986 and also
reported a weaker reflection at 4.2 A (Jodaikin et al., 1986). The
d-spacing at 4.7 A has been associated with B-sheet structures of
many proteins and peptides, while the 4.2-A reflection is not as
common but has been associated with the distance between
aromatic residues in B-sheets or the presence of certain lipids
(Jodaikin et al, 1986; Aggeli et al, 1997; Kubelka and
Keiderling, 2001; Xu, 2009). Structural Fourier transform infra-
red spectroscopy (FTIR) analysis of the enamel matrix has not
yet been reported. Extracted and recombinant amelogenins have
been studied by FTIR, but there seems to be no agreement on
what secondary structure predominates in amelogenin assem-
blies of the nanosphere type, since many major motifs have been
observed (Lakshminarayanan et al., 2007; Beniash et al., 2012).

In this study, we used XRD and FTIR to analyze the structure
of nanoribbons of recombinant human amelogenin protein
rH174 and compared the data with previous findings on the
enamel matrix. Our analysis suggests that the nanoribbons are
predominantly (75%) comprised of antiparallel beta-sheets, as
proposed in a previous model (He et al., 2011; Martinez-Avila
et al., 2012). The diffraction pattern at 4.7 A corresponds very
well with observations made by others on the enamel matrix,
indicating that this form of assembled structure may also be
adopted by amelogenin during amelogenesis.

MATERIALS & METHODS
Recombinant Amelogenin Protein and Assembly

The full-length human amelogenin protein rH174 was expressed
in BL21DE3 pLys Escherichia coli and purified on C4 hydro-
phobic beads as previously described (Li et al., 2003). Compared
with the native protein (H175), rH174 lacks the first residue
methionine and is not phosphorylated at serine-16. The purity of
rH174 was above 95% as assessed by HPLC. The protein was
self-assembled into nanoribbons in an oil-free environment by
the mixing of 2 mg/mL with aqueous solutions containing
33.4 mM CacCl, and 20.9 mM KH,PO, at pH between 4.5 and
5.0, as described in detail previously (Martinez-Avila et al.,
2012). Nanoribbon-free protein control samples were prepared
in aqueous solutions at pH 5 containing 33 mM KCI, without
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calcium and phosphate. Protein-free controls consist of aqueous
solutions containing 33.4 mM CaCl, and 20.9 mM KH,PO, at
pH between 4.5 and 5.0, without amelogenin. The presence of
nanoribbons and nanospheres, respectively, was confirmed by
atomic force microscopy.

Atomic Force Microscopy (AFM)

We performed AFM analysis by pipetting 25 pL of the respec-
tive solution onto a silica glass slide. The droplet was left for 1
hr in a wet cell to facilitate immobilization of the protein to the
glass surface. Subsequently, the droplet was rinsed off with a
few drops of deionized water. Canned air was used to blow off
any residual water (Martinez-Avila et al., 2012). All imaging
was performed under dry conditions in tapping mode with sili-
con cantilevers at about 300 kHz on a Multi-Mode AFM with
Nanoscope III controller (Digital Instruments, Goleta, CA,
USA). Width and height measurements were performed without
corrections for tip-broadening from height-mode image data
with Nanoscope software 5.37.

Fourier Transform Infrared Spectroscopy

Samples studied by AFM were used for FTIR analysis.
Specimens with nanospheres or nanoribbons were directly
placed in contact with a diamond crystal for Attenuated Total
Reflection Analysis (ATR) by infrared spectroscopy with a
Nicolet 6700 spectrometer from Thermo Fisher Scientific
(Waltham, MA, USA). The ATR spectra were collected between
500 and 4,000 cm™! at a resolution of 4 cm™ with 256 accumula-
tions per run. Spectra were analyzed with FTIR software
OMNIC 8.2.0.387 (Thermo Fisher Scientific). Spectral decon-
volution of the Amide-I peak was performed with Origin 7.5
software, as described in the Appendix.

X-ray Diffraction

Powder XRD crystallography was performed with 0.11159-nm
synchrotron radiation at beam line 8.3.1 of the Advanced Light
Source at Lawrence Berkeley National Laboratory. XRD exper-
iments were performed on nanoribbons immobilized on a thin
Kapton grid, from a 20-uL extract of protein solution (2 mg/mL)
which was left to dry at room temperature. XRD patterns were
recorded for: (i) the dehydrated samples of self-assembled
rH174 from calcium phosphate solution, (ii) precipitates from
calcium phosphate solution without protein, and (iii) the lyophi-
lized protein only. Reflections were identified and assigned
according to the International Centre for Diffraction Data
(ICDD) databank for inorganic minerals. XRD sample images
were initially processed with the FIT2D data analysis program
(Hammersley, 1997). Images from the XRD beam line were
background-subtracted using a blank sample with a comparable
exposure time and detector distance, taken within a few hours of
the measurement. They were radially integrated, and the profiles
were processed in GNU Octave. Peaks were assigned manually
based on the following criteria: d-spacing within 0.03 A of pre-
viously published data, and presence of the previously published
first- or second-highest-intensity peak in our dataset. Several
low-intensity peaks remained unassigned.
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Figure 1. AFM analysis of self-assembled structures of amelogenin. After 7 days of incubation,
rH174 assembled into (A) nanospheres in the absence of calcium phosphate (scan size, 850
nm); (B) self-aligning nanoribbons in the presence of calcium phosphate (scan size, 1,200 nm);
and (C) ribbon agglomerates, observed in several zones (scan size, 1,300 nm).
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1B) (Martinez-Avila et al., 2012). The
specimen surface revealed zones of pro-
tein aggregations, with large numbers of
ribbons stacked on top of each other
(Fig. 1C).

Fig. 2 shows characteristic powder
XRD patterns obtained on rH174 nanorib-
bons in calcium phosphate solutions (Fig.
2A) in comparison with protein-free cal-
cium phosphate solutions (Fig. 2B) and
the lyophilized protein (Fig. 2C). The
radially averaged XRD data for samples
with and without amelogenin are plotted
as a function of the g-spacing. Numerous
sharp peaks are present in both the
protein-free control and the sample with
nanoribbons (e.g., 2.0 A, 2.6 A, 3.0 A)
(Fig. 2D and Appendix Fig. 1). These
peaks are associated with regular salt
structures that precipitated upon dehy-
dration of the samples. According to the
ICDD database, intense reflections were
assigned to phosphate, carbonate, and
chloride minerals, as listed in the
Appendix Table. Brushite [CaHPO,e
2(H,0)], calcite (CaCO;) biphospho-
amite (KH,PO,), and sylvite (KCl) are

the main components of the precipitates
observed after complete evaporation of
the solvent. In addition to the reflections
associated with mineral, a broader peak
at 4.7 A (Fig. 2D) was observed only in
the sample containing rH174 nanorib-
bons and not in the protein-free control.
This reflection could not be assigned to
any mineral phase listed in the ICDD
database for elements selected in these
experiments. Furthermore, the sample
containing rH174 shows a broad zone of
elevated intensity between d-spacings of

2 to 6 A, which is most likely associated
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Figure 2. Xray diffraction analysis. (A} Amelogenin nanoribbon with buffer, (B) buffer only,
and (C) pure lyophilized protein. Images obtained from a 1.1159-A source, at a detector
distance of 200 mm, and scale to 313 mm per side. (D) Radial averages of the x-ray
diffraction of the nanoribbon+buffer (red) and buffer-only samples (blue). Assigned peaks are
labeled with their mineral names. Full assignments can be found in Appendix Fig. 1 and the

Appendix Table.

RESULTS

Self-assembly experiments of rH174 were performed for 7 days
in potassium chloride solutions with and without calcium phos-
phate. AFM analysis of the solutions without calcium phosphate
showed the presence of nanospheres with diameters between 14
and 63 nm (Fig. 1A). In contrast, in the presence of calcium and
phosphate, nanoribbons developed, as described previously (Fig.

with the presence of an amorphous phase
(Fig. 2A, Appendix Fig. 1). The pure
lyophilized protein sample produced a
single, very broad peak centered around
5.1 A and is shown in Fig. 2C (see
Appendix Fig. 3 for comparison).

FTIR analyses of rH174 in the form
of nanoribbons, nanospheres, and as
lyophilized powder are shown in Fig. 3A
from 900 to 1,800 cm™. All samples show strong bands for
amide-I (1,600-1,700 cm™), amide-II (1,500-1,600 ¢cm™), and
CH modes (1,450 cm™). Because of the high salt content, sev-
eral minerals were detected in the spectra from rH174 ribbons.
Carbonates are associated with peaks at 1,409 ¢cm™ and at
871 cm’, while phosphate vibrational modes were detected
between 980 and 1,115 cm™. A significant difference in
the amide-I peak maxima was observed in comparison of
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late their proportional content (Table).
According to the FTIR analysis, amelo-
genin nanospheres are composed of
about 53% of random coil structure,
while nanoribbons have obtained 3-sheet
configuration to about 75%, with only
21% of random coil structure remaining.

DISCUSSION

Amelogenin is the main organic component of the enamel matrix
and has a significant role in controlling enamel mineralization, as
shown by knock-out and transgenic mice models (Gibson ef al.,
2001; Snead et al., 2011). Self-assembly of matrix molecules is
nature’s tool to build tissues, and collagen-based mineralized tis-
sues are a prime example of a strategy to use fibrous assemblies
for the synthesis of larger structures. In the case of enamel, the
current hypothesis assumes the formation of nanospheres to be
the structural component of the developing enamel matrix
(Fincham et al., 1999). This theory is mainly derived from the
observation of the amelogenin nanospheres that form in vitro
when the protein is suspended in aqueous solutions. Very few
studies have actually shown spherical features of about 20 nm in
enamel, leaving little evidence that such nanospheres are actually
present in enamel (Fincham et al., 1995). In contrast, there have
been TEM studies that indicate the presence of filamentous struc-
tures in the enamel matrix, and these were listed in a previous
publication (Martinez-Avila et al., 2011).

In vitro self-assembly of full-length amelogenin into nanorib-
bons requires the presence of calcium and phosphate ions
(Martinez-Avila et al., 2012). In the presence of these ions, salt
crystals precipitate during the evaporation of the aqueous sol-
vent, resulting in a large number of crystal diffraction patterns
(Fig. 2). We have identified intensive reflections of the XRD
data, as listed in the Appendix Table. In addition to these min-
eral phases, a relatively strong reflection with a d-spacing of 4.7
A was detected. In 1965, Glimcher and co-workers performed
x-ray diffraction on a calcium-depleted incisor of an embryonic
calf, and found a 4.77-A peak that they associated with the
organic matrix (Glimcher et al., 1965). Numerous studies on
proteins and peptides have also shown that XRD spacings
around 4.7 A are characteristic of B-sheets (Jodaikin et al.,
1986; Symmons et al., 1997; von Bergen et al., 2005).

FTIR analysis further supports this finding, since amide-I
peaks between 1,615 and 1,640 cm™ have been associated with
B-sheet formation in proteins (Haris and Chapman, 1995).
Deconvolution indicates that 75% of the proteins have adopted

Wavenumber (cm”)

Wavenumber (cm)

Figure 3. FTIR analysis of amelogenin nanoribbons and nanospheres. (A) Spectral range from
900 to 1,800 cm™ shows mineral precipitates as phosphates and carbonates in nanoribbon
sample. (B) Sections of amide| and amide-ll show the strong shift of the amide- peak to lower
wavelength in nanoribbons and a high-frequency peak at 1,715 cm’, indicating increased
B-sheet content. Amide-l peak deconvolution is shown in the Appendix.

Table. Calculated Relative Areas for Each Deconvoluted Peak
Associated with Amide in the Range from 1,600 to 1,700 cm™ as
Determined by FTIR, Comparing Amelogenin rH174 as Nanosphere
vs. Nanoribbon

Nanospheres Nanoribbons
Peak Peak

Assignment Peak-Max Area (%) Area (%)
Extended 1,612 cm™ 3 0
B-sheet 1,625 cm™ 16 75
Random cail 1,650 cm™ 53 21
a-helix/p-turn 1,665 cm™ 24 4
B-sheet (secondary) 1,685 cm™ 4 Outside range

Peak assignments are based on literature listed in the Appendix.

B-sheet structure in nanoribbons, vs. only 16% in nanospheres
(Table). An amide-I peak around 1,650 cm™ is associated with
random-coil structure and may be the main component of amelo-
genin nanospheres (Table), as also reported by others (Beniash
et al., 2012). The random-coil configuration may allow for more
flexibility and explain the large distribution of nanosphere diam-
eters between 10 and 100 nm that have been reported (Moradian-
Oldak, 2001). The nanoribbon configuration of amelogenin is
quite different. Nanoribbons of rH174 have a precise width of
16.7 (£ 1) nm, possibly related to the width of an antiparallel
amelogenin dimer which may constitute the building block of the
ribbons (He et al., 2011; Martinez-Avila et al., 2012). There is
evidence in the literature that antiparallel B-sheets have a second-
ary amide-I peak at increased wavenumbers between 1,680 and
1,715 cm™ (Haris and Chapman, 1995). Similar FTIR absorption
peaks have been observed in amyloids and ascribed to extended
conformation of the B-sheet domains (Shivu et al., 2013).

This study provided additional evidence that assemblies of
the full-length amelogenin protein differ strongly in their sec-
ondary structure when assembled into nanospheres or nanorib-
bons. The presence of [-sheets in amelogenin nanoribbons
which match the XRD diffraction pattern of matrices in
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developing enamel suggests that nanoribbons may also be the
functional supramolecular structure of amelogenin that is able to
control mineralization in amelogenesis.
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