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Intrinsically Disordered Enamel Matrix Protein Ameloblastin
Forms Ribbon-like Supramolecular Structures via an
N-terminal Segment Encoded by Exon 5™
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in vivo.
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(Bacl(ground: Ameloblastin plays a key role in the complex biomineralization process that forms tooth enamel, the hardest

Results: Ameloblastin self-associates into ribbon-like supramolecular structures via a short segment encoded by exon 5.
Conclusion: Ameloblastin self-association may be essential for correct structural organization and mineralization of the enamel

Significance: The results provide molecular insight into biology of tooth enamel formation.
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Tooth enamel, the hardest tissue in the body, is formed by the
evolutionarily highly conserved biomineralization process that
is controlled by extracellular matrix proteins. The intrinsically
disordered matrix protein ameloblastin (AMBN) is the most
abundant nonamelogenin protein of the developing enamel and
a key element for correct enamel formation. AMBN was sug-
gested to be a cell adhesion molecule that regulates proliferation
and differentiation of ameloblasts. Nevertheless, detailed struc-
tural and functional studies on AMBN have been substantially
limited by the paucity of the purified nondegraded protein. With
this study, we have developed a procedure for production of a
highly purified form of recombinant human AMBN in quantities
that allowed its structural characterization. Using size exclusion
chromatography, analytical ultracentrifugation, transmission elec-
tron, and atomic force microscopy techniques, we show that
AMBN self-associates into ribbon-like supramolecular structures
with average widths and thicknesses of 18 and 0.34 nm, respec-
tively. The AMBN ribbons exhibited lengths ranging from tens
to hundreds of nm. Deletion analysis and NMR spectroscopy
revealed that an N-terminal segment encoded by exon 5 com-
prises two short independently structured regions and plays a
key role in self-assembly of AMBN.
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Intrinsically disordered proteins (IDPs)? lack stable tertiary
or secondary structures and exist as populations of quickly
interconverting conformations that resemble the denatured
states of ordered proteins (1). Recent bioinformatic predictions
suggest that over 50% of proteins of higher eukaryotes contain
long disordered regions, and more than 1300 mammalian pro-
teins have been shown to be fully disordered (2, 3). IDPs are
involved in normal physiological processes of replication,
growth, regulation, signaling, defense, and biomineralization,
and their functional repertoire complements the functions of
ordered proteins (1, 4, 5).

Vertebrate biomineralization is closely associated with evo-
lutionarily related proteins that are in majority encoded by
genes belonging to the secretory calcium-binding phosphopro-
tein gene cluster 4q13-q21 of the human genome (6, 7). Most of
the proteins related to hydroxyapatite crystal formation,
growth control, and orientation are, indeed, largely or fully
intrinsically disordered (5). These proteins are involved not
only in initiating biomineralization and in promoting mineral
crystal formation, but also in inflammatory responses in bones
and teeth (8). Extracellular matrix proteins, primarily including
amelogenin, ameloblastin, enamelin, and amelotin, play a key
role in the complex biomineralization process forming tooth
enamel, the hardest tissue in the body (9, 10). It was suggested
that these component proteins must have specific protein-pro-
tein self-interactions and co-interactions to assemble into an
organized organic matrix. This matrix is then competent to
undergo mineral replacement and to form a highly ordered

2The abbreviations used are: IDP, intrinsically disordered protein; AMBN,
ameloblastin; MMP, matrix metalloproteinase; AMEL, amelogenin; MCS,
multiple cloning site; Trx, thioredoxin; TEV, tobacco etch virus; Ni-NTA,
nickel-nitrilotriacetic acid; AFM, atomic force microscopy; TEM, transmis-
sion electron microscopy.
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three-dimensional structure consisting of long, thin hydroxy-
apatite crystallites (9, 11-13). Two proteinases, the matrix met-
alloproteinase 20 (MMP-20, enamelysin) and kallikrein 4, were
described to be secreted into the enamel matrix throughout
amelogenesis and appear to be important for processing of
extracellular matrix proteins (14, 15). Degraded protein frag-
ments are then continuously removed from the developing
enamel, which finally becomes hard, fully mineralized and
mature (11-13).

Amelogenin (AMEL) is the most abundant protein of the
developing enamel extracellular matrix and plays an essential
role in the structural organization and mineralization of enamel
(16,17). AMEL is a globally unfolded IDP in solution with some
regions containing extended f3-sheets and polyproline type II
helices (18, 19). Using cryoelectron microscopy, it has recently
been demonstrated that AMEL undergoes stepwise hierarchi-
cal self-assembly, where oligomers of amelogenin stabilize min-
eral prenucleation clusters and guide their arrangement into
linear chains that organize as parallel arrays (20).

Ameloblastin (AMBN; amelin or sheathlin) is the most abun-
dant nonamelogenin enamel matrix protein; it is well conserved
among species and is constantly present throughout evolution
and ontogenesis of mineralized tissues (21-26). Bioinformatic
analysis and CD spectroscopy studies demonstrate that AMBN
is an IDP that consists of a basic N-terminal domain, having the
tendency to adopt a helical conformation, and an acidic C-ter-
minal domain, primarily responsible for the structural disorder
of the entire AMBN molecule (27, 28). AMBN is processed by
matrix proteinases during enamel formation, and the N- and
C-terminal cleavage products of AMBN were found to exhibita
different localization in the enamel matrix (26, 29-31). The
relatively stable N-terminal fragments accumulate in the sheath
space between enamel rods, throughout the thickness of the
enamel matrix, whereas the acidic C-terminal cleavage prod-
ucts appear to be short-lived and are observed only in the more
immature regions of the matrix in the vicinity of the secreting
ameloblasts (26, 29, 32). Studies involving mutant mice that
expressed a truncated AMBN variant lacking the segment
encoded by exons 5 and 6 (AMBNA5-6) revealed that AMBN
plays a key role in correct enamel formation (33, 34). It was
suggested that AMBN is a cell adhesion molecule that regulates
proliferation and differentiation of ameloblasts, and several
different mechanisms of AMBN interaction with cells were
reported (33-37).

Although the structural and self-assembly properties of
AMEL have been intensively explored (38), the experimental
data on structural features of AMBN have been limited by the
unavailability of sufficient amounts of the nondegraded pro-
tein. Therefore, we developed a procedure for production of
highly purified full-length recombinant human AMBN in
quantities allowing its structural characterization. We demon-
strate here that AMBN self-associates into ribbon-like supra-
molecular structures via a short segment that is encoded on the
exon 5 of the AMBN gene.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditions—The Escherichia
coli K12 strain XL1-Blue (Stratagene, La Jolla, CA) was used
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throughout this work for DNA manipulation and was grown in
LB medium supplemented with 150 ug/ml ampicillin or 60
pg/ml kanamycin. The BL21(ADE3) E. coli strain (Novagen,
Madison, WT) was used for expression of recombinant proteins
and was grown at 30 °C in LB medium containing 150 ug/ml
ampicillin or 60 ug/ml kanamycin.

Plasmid Constructs—To construct the plasmid for expres-
sion of recombinant human AMBN (lacking the N-terminal
secretion signal, ie., amino acid residues 1-26; numbering
according to GenBank™ accession number BC106931), the
gene for AMBN was amplified from ¢cDNA (Image clone
40033703; Source BioScience), and the PCR product was
cloned as an Nhel-Xhol fragment into the multiple cloning site
(MCS) of a pET28b-derived vector, pET28b-dH-Trx-TEV-
MCS-TEV-sH. Thereby, the gene for AMBN was fused in frame
to a sequence encoding a double His purification tag (6 X poly-
His-loop-6 X poly-His) (39), thioredoxin (Trx), and a cleavable
tobacco etch virus (TEV)-specific peptide at the 5’-end and the
TEV peptide and 6 X poly-His purification tag at the 3'-end,
respectively (see Fig. 1A4). The resulting construct pET28b-Trx-
AMBN was used for expression of the Trx-AMBN fusion
protein in E. coli cells. The pET28b-Trx-AMBN-N,.,,, and
pET28b-Trx-AMBN-C,,,,,, plasmids, used for the expression of
Trx fusion proteins harboring the N-terminal domain (encom-
passing residues 1-196, residue numbering refers to the AMBN
sequence without the N-terminal secretion signal; Trx-AMBN-
N,erm) and the C-terminal domain (encompassing residues
197-421; Trx-AMBN-C,.. ) of AMBN, were constructed
similarly.

The pET28b-Trx-AMBNAX-Y plasmids, where X and Y
stand for the numbers of the first and of the last amino acid
residues of the AMBN segment deleted in a given construct
(residue numbering refers to the AMBN sequence without the
N-terminal secretion signal), were prepared by PCR mutagen-
esis and subsequent cloning of the Nhel-Xhol-cleaved PCR
fragments into the MCS of pET28b-dH-Trx-TEV-MCS
(derived from the pET28b-dH-Trx-TEV-MCS-TEV-sH plas-
mid by deletion of a sequence encoding the TEV-sH peptide
from the 3’-end of the MCS).

To construct the plasmid for expression of the fusion protein
Sz6_72-AMBN-C,,,,.,, consisting of the AMBN segment com-
prising residues 36—72 (segment 36—72) and the C-terminal
domain of AMBN, a DNA fragment encoding the C-terminal
domain of AMBN (encompassing residues 197-421) was
amplified from cDNA, and the PCR product was cloned as an
Nhel-Xhol fragment into the MCS of pET11c-dHis (a modified
pET11c vector (Novagen, Madison, W1I) harboring a sequence
encoding a double His purification tag). The resulting construct
pET28b-dHis-AMBN-C,.,,, was digested with Nhel and
ligated in frame with a PCR Nhel-Nhel-digested fragment
encoding segment 36 —72. To construct the plasmid for expres-
sion of recombinant human amelogenin without the N-termi-
nal secretion signal (i.e., lacking residues 1-16; numbering
according to GenBank™ accession No. BC074951) in E. coli,
the gene for amelogenin was amplified from ¢cDNA (Image
clone 30915277; Source BioScience), and the PCR product was
cloned as an Nhel-BamHI fragment into pET11c vector, yield-
ing pET11c-AMEL.

term
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Standard Techniques—Determination of protein concentra-
tion, SDS-PAGE, and Western blots were performed according
to standard protocols (40). To obtain an anti-AMBN polyclonal
serum, the highly purified recombinant human ameloblastin
was separated on an analytical SDS-PAGE, and the full-length
form of AMBN of an apparent size of ~65 kDa was excised from
10lanes of the gel (~200 ug of AMBN). Polyacrylamide gel with
the protein was mechanically disintegrated, mixed with alumi-
num hydroxide adjuvant (0.2% solution), and used for immuni-
zation. One rabbit was injected subcutaneously three times
(200 g of AMBN per dose) at 2-week intervals and was bled 2
weeks after the last injection. The peptide encompassing resi-
dues 36-72 of AMBN (peptide 36 -72) was synthesized using
an ABI 433A solid phase synthesizer (Applied Biosystems, Fos-
ter City, CA), and the purified deprotected peptide was dis-
solved in acetonitrile/H,O and dried.

Protein Production and Purification—All recombinant pro-
teins were produced in E. coli BL21(ADE3) cells transformed
with the appropriate plasmid. Exponential 500-ml cultures
grown with shaking at 30 °C in MDO medium (yeast extract, 20
g/liter; glycerol, 20 g/liter; KH,PO4, 1 g/liter; K,HPO4, 3 g/liter;
NH,C], 2 g/liter; Na,SO,, 0.5 g/liter; and thiamine hydrochlo-
ride, 0.01 g/liter) supplemented with 150 ug/ml of ampicillin or
60 pg/ml of kanamycin were induced at A4y, = 0.5 with 1 mm
isopropyl B-p-thiogalactopyranoside and grown for addi-
tional 4 h.

For Trx-AMBN, Trx-AMBN-N,.,,.,, Trx~-AMBN-C,.,,.,, or
mutant Trx-AMBNAX-Y protein purification, the cells were
harvested by centrifugation; washed twice with 50 mm Tris-
HCI (pH 7.4), 150 mMm NaCl, 5 mm EDTA; resuspended in 50
mM Tris-HCI (pH 7.4), 600 mMm NaCl (TN buffer) containing 8 M
urea and 5 mM imidazole; and disrupted by sonication at 4 °C.
The homogenates were cleared at 20,000 X g for 30 min and
loaded on an Ni-NTA-agarose column (Qiagen) equilibrated
with TN buffer containing 8 M urea and 80 mm imidazole. The
column was washed with TN containing 6 M urea and 80 mm
imidazole. The fusion protein was eluted with TN containing
4 M urea and 600 mM imidazole and dialyzed against TN con-
taining 5 mM EDTA and 1 mm DTT overnight at 4 °C. Process-
ing by recombinant TEV protease (kind gift of L. Bumba, Insti-
tute of Microbiology, Academy of Sciences of the Czech
Republic), was performed for 24 h at 4 °C. The cleaved protein
mixture was dialyzed against 50 mum triethylamine, 5% aqueous
acetonitrile (pH 8.0) overnight at 4 °C and loaded onto prepar-
ative PLRP-S column (Agilent Technologies; 8-um particle
size, 300-A pore size, 7.5 mm X 30 mm). The excised free
AMBN was eluted with a shallow gradient of 50 mm triethyl-
amine, 95% aqueous acetonitrile (pH 8.0) as a major chromato-
graphic peak at 38% of acetonitrile. Finally, AMBN was concen-
trated using a centrifugal evaporator; dialyzed against 10 mm
Tris-HCI (pH 7.4), 40 mm NaCl; and stored at —20 °C. The
Ss;6_7»-AMBN-C,,, ., fusion protein was purified by the same
procedure with omission of the cleavage step. Amelogenin was
purified to homogeneity from crude E. coli cell extracts by
ammonium sulfate precipitation and reversed phase chroma-
tography as previously described (38).

Mass Spectrometry Analyzes—Bands of interest were excised
from SDS-polyacrylamide gels stained by Coomassie Brilliant
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Blue R-250 and cut into small cubes (approximately 1 mm?),
and after complete distaining, washing, and partial drying in a
SpeedVac concentrator, the gel pieces were reconstituted with
cleavage buffer containing 25 mm 4-ethylmorpholine acetate,
10% acetonitrile, and sequencing grade trypsin (50 ng/ul; Pro-
mega) or Lys-C endoprotease (100 ng/ul; Roche Applied Sci-
ence). In the third experiment, the protein cleavage was carried
out with CNBr (20 ug/ul; Sigma-Aldrich) dissolved in 70% tri-
fluoroacetic acid (v/v). All digestion mixtures were incubated
for 16 h at 37 °C. The resulting peptides were extracted with
40% MeCN, 0.1% trifluoroacetic acid; desalted on a microtrap
with OligoR3 resin (Applied Biosystems, Foster City, CA); and
directly eluted onto a MALDI target with a solution of a-cyano-
4-hydroxy-cinnamic acid (5 mg/ml) in 50% MeCN, 0.1% trif-
luoroacetic acid. The positive MALDI-TOF mass spectra and
MS/MS LIFT spectra were acquired on a MALDI-TOF/TOF
mass spectrometer ultraFLEX III (Bruker Daltonics, Bremen,
Germany) equipped with a nitrogen laser (337 nm). The spectra
were calibrated externally using the monoisotopic [M+H]™ ion
of peptide standards PepMix II (Bruker Daltonics) and inter-
preted manually.

For mass determination of the full-length ameloblastin pro-
tein, the sample of purified AMBN was desalted using POROS
R2/20 microtrap (Applied Biosystems) and measured in linear
mode, using a saturated solution of sinapic acid in aqueous 50%
acetonitrile, 0.1% trifluoroacetic acid as MALDI matrix. Spec-
tra were externally calibrated by employing singly and doubly
charged ions of BSA resulting in mass accuracy with an error of
less than 0.1%.

High Resolution Size Exclusion Chromatography—Analytical
size exclusion chromatography was performed using an Akta
Prime FPLC system (GE Healthcare) and a Superdex 200 GL
10/300 column (GE Healthcare) pre-equilibrated with 50 mm
Tris-HCI (pH 8.0), 150 mMm NaCl and calibrated with standard
molecular mass marker proteins (LMW calibration kit; GE
Healthcare) at a flow rate of 0.4 ml/min.

Analytical Ultracentrifugation—Sedimentation velocity exper-
iments were performed using a ProteomeLab XL-I Beckman
Coulter analytical ultracentrifuge equipped with an AN50Ti
rotor. Samples were dialyzed against buffer containing 20 mm
Tris-HCI (pH 7.4), 200 mm NaCl prior to analysis. Buffer den-
sity, viscosity, and partial specific volume of all proteins were
estimated using the program SEDNTERP 1.09. Data analysis
was performed with the SEDFIT package (41). Experiments
were conducted at several different loading concentrations at
20 °C and with rotor speeds of 25,000 rpm (AMBN, AMEL) or
48,000 rpm (AMBN-C,.., AMBNA36-72), respectively.
Scans were recorded at 280 nm in 1-min intervals with 30-um
spatial resolution. Sedimentation velocity data were analyzed
using a sedimentation coefficient distribution model, c(s).
Peaks were integrated to determine the weight-averaged sedi-
mentation coefficients s,,.

Circular Dichroism Spectroscopy—CD measurements were
performed on a Jasco-815 spectropolarimeter equipped with
the Peltier type temperature control system PTC-423S/L. CD
spectra were recorded in 5 mm Tris-HCl (pH 7.4), 20 mm NaCl
at an AMBN concentration of 62.5 ug/ml and an AMBN-de-
rived peptide 36 —72 concentration of 200 wg/ml, respectively.
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CD spectra were collected at temperatures of 5, 20, 37, 50, 75,
and 90 °C, respectively, for wavelengths from 195 to 300 nm, at
a standard instrument sensitivity and a scanning speed of 10
nm/min, a response time of 16 s and two spectra accumula-
tions. Reversibility of the temperature dependence was checked
by measurement of the samples chilled back to 20 °C.

NMR Spectroscopy and Structure Calculations—NMR experi-
ments were acquired from 200-ul samples (3-mm NMR tube) of
5.8 mM peptide (residues 36 =72 of AMBN) in a 25 mm sodium
phosphate, 100 mm sodium chloride buffer (pH 6.0), containing
5% D,0, 95% H,O. The NMR spectra were collected at 25 °C on
a 600-MHz Bruker Avance spectrometer equipped with a tri-
ple-resonance (*>N/'*C/'H) cryoprobe. A set of two-dimen-
sional experiments was recorded to determine sequence-spe-
cific resonance assignments for the peptide. In particular,
!>N/'H and "*C/'H heteronuclear single quantum coherence,
heteronuclear multiple-bond correlation, and total correlation
spectroscopy with 60-ms mixing time and NOESY, which were
acquired with an NOE mixing time of 250 ms. The family of
converged structures for the synthetic peptide was calculated
using Cyana 2.1 (42). The combined automated NOE assign-
ment and structure determination protocol was used to auto-
matically assign the NOE cross-peaks identified in two-dimen-
sional NOESY spectra and to produce preliminary structures.
Subsequently, five cycles of simulated annealing combined with
redundant dihedral angle constraints (43) were used to produce
the sets of converged structures with no significant restraint
violations (distance and van der Waals violations, <0.2 A).
Analysis of the obtained family of structures was carried out
using the programs MOLMOL and PyMOL (45).

Transmission Electron Microscopy—Purified proteins were
diluted prior to analysis with 10 mm Tris-HCI (pH 8.0) and 150
mM NaCl to the same protein concentration of 10 ug/ml. 5-ul
drops of protein solutions were applied onto glow discharge-
activated carbon-coated grids (46) and adsorbed for 30 s. The
excess of solution was blotted with filter paper, and the grids
were immediately negatively stained with 2% uranyl acetate in
double-distilled H,O for 30 s. The grids were blotted with filter
paper and air-dried. The samples were examined in Philips
CM100 electron microscope at 80 kV and magnification of
64,000 X. Digital images were recorded using MegaViewlI slow
scan camera at a magnification of 64,000X, giving a pixel size of
~1 nm. The recorded images were processed in AnalySis3.2
software suite using embedded modules (Shading correction
and Optimize 16-bit image for 8-bit display). No other image
manipulation was used. Visualized objects were analyzed to
determine an average width of ribbon-like structures of AMBN
(n = 167), AMBN-N,.,.. (n = 115), and Ss,_,,-AMBN-C,.,.,
(n = 112), respectively, and an average diameter of AMEL
spherical particles (n = 70).

Atomic Force Microscopy—Aliquots of the proteins were
diluted in two steps in 4 mm PBS (pH 8.0). After the first dilu-
tion (47 ug/ml), the sample was centrifuged to eliminate aggre-
gates originating from the freezing and melting process
(6,700 X g for 10 min). Upon a second dilution, the concentra-
tion of the protein was adjusted to ~0.5 ng/ml. The solution
was kept on wet ice for 30 min and vortexed before 15-ul drop-
lets were placed on freshly cleaved mica for 2 min. The mica was
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washed by distilled H,O and dried with nitrogen. It should be
noted that the ribbon-like structures of AMBN formed and
were already present in purified protein samples at concentra-
tions ranging from 1 to 2 mg/ml (see results of analytical ultra-
centrifugation). These preformed ribbons then did not disas-
semble upon subsequent >1,000-fold dilution of the protein
stocks, indicating a high affinity of interaction of ameloblastin
subunits within the ribbon structure.

Atomic force microscopy (AFM) analysis was performed
using an AFM Integra Probe Nanolaboratory (NT-MDT, Mos-
cow, Russia). Analysis of dry samples was performed in semi-
contact mode with a 100 X 100-um closed-loop scanner (scan-
ning by sample). Samples were analyzed by high accuracy
noncontact composite (HA_NC) ETALON silicon tip cantile-
vers (NT-MDT) at a typical resonant frequency of 280 kHz,
using a tip radius of 10 nm and a force constant of 11.5 N/m in
air and at ambient temperature and humidity. A scan rate of
0.5—1 Hz was used for the best resolution. The data were always
collected at least from three different samples, with two differ-
ent tips and in a minimum of 10 different positions on each
sample.

Images were analyzed by Scanning Probe Image Processor
software (Image Metrology A/S, Hersholm, Denmark). Raw
images were corrected for tilting of the sample stage and were
zero-leveled based on the dominant height value in the distri-
bution histogram. A built-in grain analysis module was used for
analysis of height (protein monomers and ribbons, Z, . param-
eter), length (contour length of ribbons), or depth (defects in
protein monolayers, Z_; ) of objects, using the threshold
method (at least 100 objects were analyzed for each parameter).
The obtained values are presented as histograms.

RESULTS

Expression, Purification, and Analysis of Recombinant
Ameloblastin—AMBN is an unstable protein that is rapidly
degraded in the developing enamel (32). To isolate a highly
purified form of nondegraded AMBN for structural and func-
tional studies, the protein was produced in E. coli cells without
its N-terminal secretion signal. Instead, a double His purifica-
tion tag and the Trx moiety allowing high level expression and
stability of the chimeric protein were fused to the N terminus of
AMBN, whereas a single His purification tag was added to its
C-terminal end (Fig. 1A4). To enable separation of AMBN from
Trx and purification tags, sequences recognized by the highly
specific TEV protease were introduced at the N and C termini
of AMBN, respectively (Fig. 1A4).

The Trx-AMBN fusion protein was purified by metalloaffin-
ity chromatography and processed with TEV protease, and the
excised AMBN was further purified by reversed phase chroma-
tography, as documented in Fig. 1. The final purified AMBN
had three extra residues remaining at the N terminus (GAS)
and a short nonapeptide (PREENLYFQ) added at the C termi-
nus, thus consisting of 433 amino acid residues. Despite a cal-
culated molecular mass of 46.7 kDa, the excised AMBN
migrated on a 12.5% SDS-polyacrylamide gel as a protein with
an apparent size of 65 kDa (Fig. 1B) that was unambiguously
identified as ameloblastin by peptide mass fingerprint mapping
(82% coverage of the AMBN sequence; supplemental Table S1).
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FIGURE 1. Production and analysis of recombinant human ameloblastin.
A, scheme of the production and purification of AMBN. The fusion protein
used for AMBN purification consists of AMBN (lacking the N-terminal secre-
tion signal, Sec), which was genetically fused at the N terminus to a double His
purification tag (dH), Trx, and a cleavable TEV specific peptide and at the C
terminus to the TEV peptide and a single His purification tag (sH), respectively.
After expression in E. coli BL21(ADE3) cells, the fusion protein is captured on
an Ni-NTA affinity matrix, whereas the contaminating cell extract proteins are
washed away from the column. After elution and dialysis, the fusion protein is
processed in solution with TEV protease, and the excised AMBN is separated
from Trx and purification tags by reversed phase chromatography on a
PLRP-S column. The resulting purified recombinant AMBN harbors three
extra residues (GAS) at the N terminus and a short nonapeptide (PREENLYFQ)
at the Cterminus. B, the samples collected throughout the AMBN production
process were separated by SDS-PAGE (12.5%) and stained with Coomassie
Blue. Lane St, molecular mass standards; lane 1, crude extract from uninduced
cells; lane 2, crude extract from cells induced for production of the Trx-AMBN
fusion protein; lane 3, clarified crude extract from induced cells; lane 4, Ni-NTA
column flowthrough; lane 5, Ni-NTA column wash; lane 6, fraction of eluted
Trx-AMBN fusion protein from Ni-NTA column; lane 7, products of Trx-AMBN
fusion cleavage by TEV protease; lane 8, AMBN after reversed phase chroma-
tography on a PLRP-S column. Lane W, purified AMBN (/ane 8) was separated
by SDS-PAGE (12.5%), transferred to a nitrocellulose membrane, and immu-
nodetected by a polyclonal anti-AMBN rabbit serum. *, bands analyzed by MS.

Moreover, MALDI-TOF spectrum of the purified undigested
AMBN sample displayed a major peak at m/z = 46,840 (data
not shown), confirming the presence of full-length AMBN,
lacking Trx and purification tags.

In parallel with expected full-length AMBN, some lower
molecular mass protein species were observed on the SDS-
polyacrylamide gel (Fig. 1B). These were confirmed by Western
blot analysis with an anti-AMBN rabbit polyclonal antibody to
correspond to proteolytic fragments of ameloblastin that were
likely generated by bacterial proteases already during AMBN
production in E. coli cells (Fig. 1B). The most abundant cleav-
age products (indicated in Fig. 1B by asterisks) were isolated
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from the SDS-polyacrylamide gel and confirmed to be AMBN
fragments by mass spectrometry (data not shown). It is note-
worthy that one of the isolated AMBN fragments (indicated in
Fig. 1B by two asterisks) resulted from cleavage between resi-
dues Arg-196 and Leu-197. Processing of the same Arg-Leu
bond of porcine AMBN was previously shown to be catalyzed
both in vitro and in vivo by MMP-20 (30, 31). Taken together,
the used procedures allowed to prepare ~2.5 mg of highly puri-
fied full-length AMBN per liter of bacterial culture.

Ameloblastin Forms Supramolecular Structures—To exam-
ine whether ameloblastin, like amelogenin, can self-assemble
into polymeric structures, the purified recombinant human
AMBN protein was analyzed by high resolution size exclusion
chromatography and by analytical ultracentrifugation. On a
Superdex 200 column, precalibrated with globular protein
standards, the recombinant ameloblastin eluted in the void
(excluded) volume of the column (the exclusion limit of globu-
lar proteins for the column is ~1.3 X 10° kDa) in a peak that
contained 95% of the loaded protein (Fig. 24). A minor amount
of AMBN then eluted as an included peak of protein of an esti-
mated size of 187 kDa. Identical chromatographic profiles were
observed for different concentrations of AMBN at 0.1, 0.5, and
1.0 mg/ml, respectively (data not shown). As a control, the
recombinant human AMEL (theoretical molecular mass, 20.2
kDa), known to self-assemble to multimeric structures, was
analyzed on the same Superdex 200 column and was found to
exhibit an elution profile similar to that of AMBN (Fig. 24). A
major fraction (88%) of purified AMEL eluted in the void vol-
ume, and a minor fraction of AMEL eluted as an included peak
with an estimated size of 44 kDa (Fig. 2A4). The identity of
AMBN or AMEL in the excluded and included peaks was con-
firmed by SDS-PAGE (Fig. 2B).

To further characterize the multimerization state of AMBN,
sedimentation velocity measurements were performed. The
analysis of continuous sedimentation coefficient distributions
c(s) revealed that AMBN formed a heterogeneous population
of protein supramolecular assemblies exhibiting molecular
masses ranging from ~500 to ~5000 kDa (Fig. 2C). The peak
distribution was negligibly dependent on AMBN concentration
within the range of 0.2-2.0 mg/ml (Fig. 2C). Under the same
conditions, AMEL exhibited narrower peaks in sedimentation
velocity measurements than AMBN, suggesting a lower hetero-
geneity of the supramolecular self-assemblies of AMEL that
exhibited an average molecular mass of ~1000 kDa (Fig. 2D).
All of these results suggested that AMBN self-associated in the
absence of other cellular components into a heterogeneous
population of supramolecular structures.

A Segment Encompassing Residues 36 —72 Encoded by Exon 5
Is Essential for the Formation of Ameloblastin Supramolecular
Structures—To localize the segment that accounts for self-as-
sembly of AMBN to supramolecular structures, the N-terminal
(AMBN-N,.,,; theoretical molecular mass, 22.8 kDa) and
C-terminal (AMBN-C,.,,.,; theoretical molecular mass, 25.3
kDa) domains of AMBN were constructed (Fig. 34), purified,
and examined by size exclusion chromatography. As shown in
Fig. 3B, the major portion of AMBN-N_,,,,, eluted in the void
volume peak on the Superdex 200 column, whereas AMBN-
Cierm €luted as a single peak with an estimated size of 116 kDa.
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FIGURE 2. Ameloblastin forms supramolecular structures, similarly as amelogenin. A, the purified full-length AMBN and AMEL proteins were analyzed by
size exclusion chromatography on a Superdex 200 10/30 column. The absorbances at 280 nm of eluted proteins are indicated for AMBN (red line, left y axis) or
AMEL (black line, right y axis). The molecular masses of the globular protein standards are indicated above the chromatograms in kDa. V,, void volume. B,
SDS-PAGE analysis of the AMBN and AMEL peak fractions collected during size exclusion chromatography. Lane St, molecular mass standards; lane 1, AMBN
excluded peak; lane 2, AMBN included peak; lane 3, AMEL excluded peak; lane 4, AMEL included peak. The samples were analyzed on a 12.5% SDS-polyacryl-
amide gel and stained with Coomassie Blue. C and D, sedimentation velocity measurements were performed to analyze the high molecular mass structures of
AMBN (C) and AMEL (D). Experiments were performed with different concentrations of AMBN or AMEL in 20 mm Tris-HCI (pH 7.4), 200 mm NaCl, at 20 °C and
25,000 rpm. Protein peaks were detected by using the absorption optical system at 280 nm. Rel. Abs., relative absorption.

This suggested that the region essential for self-association
of AMBN into supramolecular structures was located in the
N-terminal domain of the protein. Therefore, truncated
AMBN-N,,,, variants with deletions corresponding to sequences
encoded at the end of exon 2 and by entire exon 3 (AMBNA1-19),
exon 4 (AMBNA20-35), exon 5 (AMBNA36-72), exon 6
(AMBNA73-151), exons 7-9 (AMBNA152-190), or exon 10
(AMBNA191-210) were prepared (Fig. 3A), and the respective
purified proteins were subjected to size exclusion chroma-
tography analysis. As summarized in Fig. 3B, only the
AMBNA36 —72 variant (theoretical molecular mass, 41.1 kDa)
was retarded on Superdex 200 resin and eluted as a single peak
with an apparent molecular mass corresponding to 233 kDa. All
other truncated AMBN variants eluted in the void volume of
the column (Fig. 3C), suggesting that their ability to form large
supramolecular self-assemblies was preserved. When the
AMBN segment containing residues 36 —72 (segment 36 —72)
was genetically fused to AMBN-C,.,.., (S35_55-AMBN-C,.,..;
Fig. 34), the C-terminal domain of AMBN acquired the ability
to form supramolecular structures and eluted in the void vol-
ume of the column, as the entire AMBN molecule (Fig. 3B). All
of these results demonstrate that segment 36 -72 of AMBN,
encoded by exon 5, is essential for self-assembly of ameloblastin
and formation of its supramolecular structures.

It has to be noted that the estimation of molecular masses of
nonglobular intrinsically disordered proteins from size exclu-
sion chromatograms may be rather misleading when chro-
matographic columns are calibrated with globular protein
standards (47). Therefore, sedimentation velocity measure-
ments were performed with the AMBN-C,,_ . domain and the
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AMBNA36 —72 variant. The analysis of continuous sedimenta-
tion coefficient distributions c(s) confirmed that AMBN-C,,,,,
was unable to self-assemble into multimeric structures. At
three different protein concentrations, a single peak of the pro-
tein was observed, exhibiting an average s,, value of 1.5, which
corresponded to a molecular mass of ~28 kDa (Fig. 3D). Simi-
larly, the deletion variant AMBNA36 —72 (theoretical molecu-
lar mass, 41.1 kDa) was observed as a single peak with an aver-
age s,, value of 1.9, corresponding to a molecular mass of ~41
kDa (Fig. 3E). Thus, the molecular masses of AMBN-C,,,,., and
AMBNA36-72 determined by analytical ultracentrifugation
fitted almost exactly the calculated masses derived from the
respective protein sequences, showing that both proteins were
monomeric. These results hence suggest that segment 36 —72 is
crucial for self-association of ameloblastin to supramolecular
structures and show that the AMBNA36-72 variant devoid of
this segment was unable to form AMBN multimers.

The AMBN Segment Encoded by Exon 5 Consists of Two Inde-
pendently Structured Regions—Recent bioinformatic analysis
indicated and CD spectroscopy then demonstrated that the
full-length AMBN is an intrinsically disordered protein (27, 28).
As shown in supplemental Fig. S1, indeed, no well defined ele-
ments of regular secondary structure were observed in the CD
spectra of the synthetic peptide encompassing residues 36 —72
(peptide 36—72) of AMBN. In addition, thermal denaturation
CD experiments with peptide 36 =72 showed profiles characteris-
tic for IDPs (supplemental Fig. S1). Therefore, the conformational
behavior of the peptide fragment presumably accounting for
AMBN self-assembly has been further probed using NMR spec-
troscopy. Preliminary analysis of NOESY spectra based on the

VOLUME 288+NUMBER 31-AUGUST 2, 2013



AMBN Self-assembles to Form Supramolecular Structures

A c Vo 150 75 442914 kDa
AMBN 12 !

1 196-197 421 RV
AMBN-Nigrm 094 AMBNA73-151
AMBN-Cyerm ] | —— AMBNA152-190

AMBNA1-19 -1

——— AMBNA191-210

AMBNA20-35  [[H

AMBNA36-72 [

AMBNA73-151

36 72
$36-72-AMBN-Cierm
197
B Vo 150 75 44 29 14 kDa

o Pl il

=)

s

£ 0.9

=

o

& 061

®

8 0.31

©

©

@ 0.0

0 5 10 15 20
Volume (ml)
———AMBN-Ntgrm AMBN-Cierm
AMBNA36-72

—
AmeNA152-190 (I —
AMBNA191-210 [ —{

—3 36_72-AM BN-C term

Rel. abs. at 280 nm (a.u.)
o
(o))

421

0 5 10 15 20
Volume (ml)
D 10
——1.5mg/ml
8 4 1.0 mg/ml
0.5 mg/ml

@ 6
o

4

24

0

0 1 2 3 4 5 6
Sedimentation coeficient (S)

E

6 ——1.5mg/ml

5 ———0.8 mg/ml
4 0.5 mg/ml
@
o 3

2

1

0

o 1 2 3 4 5 &
Sedimentation coeficient (S)
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abundant NOE contacts between backbone amide protons
around the tryptophan residues Trp-50 and Trp-63 identified
these regions as adopting a defined conformation. The subse-
quently obtained essentially complete 'H resonance assign-
ments for the given peptide fragment then allowed for auto-
mated assignment of the NOEs identified in two-dimensional
NOESY and for structural calculation using Cyana (42, 43). The
numbers of distance constraints and structural statistics for the
obtained structures are given in supplemental Table S2. A set of
20 satisfactorily converged structures obtained from 100 ran-
dom starting conformations then revealed a relatively struc-
tured region in the central part of the peptide fragment between
Phe-46 and Pro-66 residues, as shown in Fig. 4A. The first con-
formationally distinct region was found between residues
Phe-46 and Pro-57, with a part of the backbone adopting a
nearly regular a-helical conformation between residues Ser-48
and Gly-53 (Fig. 4B). The second region of the peptide with a
defined conformation was found between residues Ser-59 and
Pro-66 (Fig. 4C). Interestingly, both regions are structured
around a tryptophan residue that is followed by a methionine.
No stabilizing medium or long range NOE contacts were found

AUGUST 2,2013+VOLUME 288-NUMBER 31

in the N- and C-terminal regions that, hence, remain unstruc-
tured (Fig. 4).

Visualization of AMBN Supramolecular Structures Using
Electron and Atomic Force Microscopy—To extend the struc-
tural analysis, transmission electron microscopy (TEM) and
AFM were used to visualize the polymeric structures formed by
AMBN. Electron microscopy revealed that the AMBN high
molecular mass self-assemblies were flat ribbon-like supramo-
lecular structures with an average width of 18 * 4 nm and with
a variable size, ranging from tens to hundreds of nanometers in
length (Fig. 5, A—D). No major differences in supramolecular
structures of AMBN were observed at pH levels ranging from
6.0 to 8.0 and NaCl concentrations of 0 and 200 mM, respec-
tively (supplemental Fig. S2). AMBN assemblies adopted vari-
ous shapes, most of the structures being twisted and curled (Fig.
5A) and other forming pairs (Fig. 5B) or bundles (Fig. 5C).
Occasionally the ends of a ribbon structure were found to be
linked together and formed a loop-like morphology (Fig. 5D).
Similar structures were visible when AMBN-N, ., was charac-
terized by TEM, exhibiting an average width of 16 + 4 nm (Fig.
5, E and F). In contrast, no polymeric structures were observed
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FIGURE 4. The AMBN-derived peptide involved in ameloblastin self-association consists of two regions with a relatively well defined conformation.
Structures are represented by best fit superpositions of the peptide backbone for 20 converged structures with the region including residues Phe-46 to Pro-57
highlighted in red and the region including residues Ser-60 to Pro-66 highlighted in green. A, superposition over the region from Phe-46 to Pro-66. B,
superposition over the first structured region (Phe-46 to Pro-57), which includes a short a-helix between residues Ser-48 and Gly-53. C, superposition over the
second relatively structured region (Ser-59 to Pro-66). Both N and C termini are disordered.
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FIGURE 5. Transmission electron micrographs of ameloblastin and its mutant variants. Purified AMBN (A-D), AMBN-N,.,,, (E and F), AMBN-C,,, (G),
AMBNA36-72 (H), S35_7,-AMBN-C,.,,, (l and J), and AMEL (K) were applied onto glow discharge-activated carbon coated grids and negatively stained with 2%
uranyl acetate. Samples were examined at a magnification of 64,000X. J shows a 2.84-fold digitally magnified detail of the ribbon-like structure of the
S36_7-AMBN-C,.,., protein filament presented in /. Scale bars, 100 nm (A-/ and K), or 25 nm (J).

with AMBN-C,,,.., (Fig. 5G), indicating that the C-terminal the segment encompassing residues 36 —72 of AMBN was fused

domain of AMBN was not involved in self-association of the
protein. Similarly, in agreement with the results of analytical
ultracentrifugation showing that the AMBNA36-72 variant
remained monomeric, no supramolecular structures were
observed for AMBNA36 -72 by TEM (Fig. 5H). However, when

22340 JOURNAL OF BIOLOGICAL CHEMISTRY

to AMBN-C,,,.,, the C-terminal domain gained the capacity to
form flat ribbon-like supramolecular structures of an average
width of 15 = 2 nm (Fig. 5, I and J), which were rather similar to
those formed by the full-length AMBN molecule. This clearly
shows that the segment encompassing residues 36 —72 confers
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FIGURE 6. Atomic force microscopy analysis of ameloblastin and its mutant variants. A, AMBN. A typical cross-section profile of a self-assembled ribbon (7)
and a defectin protein monolayer (2) is shown on graph bellow the image. B, AMBNA36 —-72 mutant. A typical cross-section profile of a protein monomer (7) and
a defect in protein monolayer (2) is shown on graph bellow the image. C, histogram of thickness of AMBNA36-72 monolayer measured at defects. D, height
histogram of AMBNA36-72 monomers. E, height histogram of the C-terminal domain of AMBN.

the self-assembly capacity of AMBN. Examination of the con-
trol protein amelogenin by TEM revealed the previously
described spherical supramolecular assemblies (20, 48, 49),
exhibiting an average diameter of 21 * 3 nm and aggregates of
different sizes (Fig. 5K).

As further shown in Fig. 6, AFM analysis of AMBN and its
AMBNA36 -72 mutant variant performed on the atomically
flat surface of mica corroborated the results obtained by ana-
lytical ultracentrifugation and TEM. Both AMBN and
AMBNA36 -72 exhibited the ability to self-assemble into orga-
nized protein monolayers on the surface of mica (Fig. 6, A and
B). The thickness of the monolayers 0.43 * 0.06 nm (AMBN)
and 0.36 = 0.07 nm (AMBNA36 -72; Fig. 6C) was in the range
comparable to the height of AMBNA36-72 monomers or of
the AMBN ribbons observed on the top of the monolayer (see
the cross-sectional profiles in Fig. 6). On the other hand, the
C-terminal domain of AMBN (AMBN-C,.,,..) adsorbed in the
form of isolated objects (average Z_ ., = 0.57 * 0.16 nm; Fig.
6E), which were randomly distributed on the surface of mica,
without exhibiting any signs of oriented self-assembly or any
monolayer formation capacity (data not shown). Although not
studied in detail, based on the determined thickness of AMBN
and AMBNA36-72 deposits and the extremely low surface
roughness of the monolayer, we assume that the proteins orga-
nized into a monolayer in a highly oriented manner. The building
of the monolayer was observed already after short exposure (=1
min) of the protein to mica. Besides the monolayer, the AMBN
molecules were present also as self-assembled ribbon structures
(Fig. 6A) observed exclusively on the top of the protein monolayer.
Theribbons (average thickness Z, . = 0.34 = 0.15 nm) were from
several tens of nanometers to micrometers long, curved and occa-
sionally crossed. In contrast, AMBNA36 —72 was observed only as
amonomeric protein with an average diameter Z_, = 0.32 = 0.11
nm (Fig. 6, B and D). Again, single isolated monomers were

S
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observed on the top surface of the protein monolayer, and no rib-
bons of AMBNA36 -72 were detected.

DISCUSSION

AMBN belongs to the family of intrinsically disordered pro-
teins that are involved in the highly organized process of
biomineralization. Here we observed that AMBN self-associ-
ates into ribbon-like supramolecular structures and that this
self-assembly process is abolished by the deletion of the 37 res-
idues long segment 36 —72 located in the N-terminal portion of
the molecule.

In the developing enamel, AMBN is rapidly processed into
lower molecular mass forms (32). The unstable character of
AMBN was also observed in this study, when the protein was
produced as recombinant protein in E. coli, in that degradation
fragments of AMBN were present in producing bacteria and
co-purified to some extent with the full-length molecule. The
stability of AMBN was indeed increased when the N-terminal
end of the molecule was protected from degradation by fusion
to a stable protein, such as thioredoxin, or at least to a short
purification tag, like the 6 X poly-His tag. In contrast, no fur-
ther stabilization of AMBN was observed, when the C terminus
of ameloblastin was protected from degradation by fusion to a
short peptide or a proteinaceous partner (data not shown).
Moreover, recombinant AMBN was cleaved by an E. coli pro-
tease between residues Arg-196 and Leu-197, separating the
protein molecule into the N- and C-terminal domains. The
cleavage of a corresponding Arg-Leu peptide bond was earlier
shown to occur in porcine AMBN both in vitro and in vivo and
was due to initial proteolytic processing by the MMP-20 prote-
ase (30, 31). This indicates that the peptide bond Arg-Leu found
in the central region of AMBN is highly accessible to proteolytic
processing and that it is cleaved not only by the natural
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FIGURE 7. Schematic view of the possible arrangements of ameloblastin monomers within supramolecular structures. AMBN monomers with parallel
(A) or antiparallel (B) orientation form supramolecular structures through interactions in the N-terminal segment comprising residues 36 -72. The C-terminal
domain of AMBN is apparently not critical for the self-assembly, and because of its highly charged character, it is likely to be important for protein solubility.

MMP-20 protease present in the developing enamel but also by
some irrelevant E. coli protease.

The recombinant ameloblastin, for which the identity and
sequence-deduced size of 46.7 kDa was unambiguously con-
firmed here by mass spectrometry, repeatedly migrated aber-
rantly on SDS-polyacrylamide gels, where it exhibited a higher
apparent molecular mass of ~65 kDa. This is, indeed, a typical
feature of disordered proteins that is explained by lower inter-
action of SDS with IDPs because of their unusual amino acid
composition (2). It was also demonstrated that the estimation
of molecular masses of nonglobular intrinsically disordered
proteins by size exclusion chromatography is inaccurate, when
calibrated with normal globular proteins (47). Indeed, we
observed here that AMBN-C,,,,., runs on the size exclusion
chromatography as a single peak with an estimated size of 116
kDa, corresponding to a pentameric form of the C-terminal
domain and the AMBNA36—72 mutant variant eluted as a sin-
gle peak with an estimated size of 233 kDa, suggesting a penta-
meric/hexameric form of the protein. However, using analyti-
cal ultracentrifugation, both AMBN-C,.,,, and AMBNA36-72
were clearly shown to remain monomeric (28 and 41 kDa,
respectively). Similarly, the included peak of the entire AMBN
with an estimated size of 187 kDa was most likely correspond-
ing to a monomer than to a tetrameric form of the protein.
Similar atypical behavior was, indeed, previously described for
amelogenin in electrophoretic and chromatographic separa-
tions (50, 51), as also confirmed here.

Transmission electron, as well as atomic force microscopy
confirmed the ability of AMBN to self-assemble into ribbon-
like supramolecular structures and the key role of the sequence
encompassing residues 36 —72 in this activity. Surprisingly, the
thickness of the ribbons was determined by AFM to be much
lower than previously found for other self-assembled fibrous
IDPs (52). The determined thickness of AMBN ribbons was
comparable to the thickness of B-sheet structures or to that
reported for ssDNA (53-55).

Another interesting feature of AMBN appears to be its
capacity to form organized AMBN monolayers on the surface
of mica. Although the biological relevance of this observation
remains unclear, it is plausible to speculate that the AMBN
monomers organized into surface monolayers because of elec-
trostatic interactions. Indeed, freshly cleaved mica is an atom-
ically flat hydrophilic surface of hexagonal lattice symmetry
that exhibits a periodic distribution of negative charges (56). It
has previously been shown that certain model peptides, such as
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those forming the cross-B-sheet ribbon structures in solution,
can undergo reorganization on mica surface during water evap-
oration. This then results in formation of monomolecular
highly ordered films because of alignment of these ribbons on
mica surface (55). We hypothesize that a similar process could
have been taking place also during AMBN monolayer forma-
tion on mica surface. Indeed, the observed thickness of the
monolayer was comparable to the thickness of the AMBN rib-
bons and isolated ribbons were observed as attached in a second
layer on the top of an AMBN monolayer. A protein monolayer
could shield the negative charge of mica and allow the ribbon
on its surface to maintain its native form. Although the ribbon
formation is suppressed in the AMBNA36—72 mutant protein,
the ordered monolayer formation was still preserved, which
means that oriented interaction with surface was realized
through the extended portion of the protein molecule, surpass-
ing the deletion. The loss of the self-assembly capacity in the
case of the C-terminal domain highlights the crucial role of the
N-terminal domain in the self-assembly capacity of AMBN.
Surprisingly, the measured thickness of the C-terminal domain
was significantly higher than that of AMBN and AMBNA36 -
72. This indicates that the C-terminal domain underwent a
structural rearrangement upon separation from the rest of the
protein molecule and/or adopted an uneven orientation on
mica surface.

Our results suggest that the AMBN self-association into rib-
bon-like supramolecular structures is realized by the segment
encompassing residues 36 —72, which serves as an association
template for AMBN molecule self-assembly (Fig. 7). Indeed, the
deletion of segment 36 —72 completely abolished the capacity of
AMBN to multimerize, and vice versa, the C-terminal domain
of AMBN acquired the ability to form supramolecular struc-
tures, when fused to segment 36 -72. As modeled in Fig. 7, it
appears that AMBN self-assembly could be accomplished by
the unfolded AMBN molecules both in a parallel (Fig. 7A), as
well as in an antiparallel (Fig. 7B) monomer orientation. In both
cases, segment 36—72 would likely be properly exposed and
recognizable by the partner AMBN molecules. The require-
ment for an unfolded and extended character of the AMBN
polypeptide chain would then be in good agreement with the
observed extremely low thickness of the AMBN ribbon-like
structures (0.34 = 0.15 nm) observed by AFM.

The self-assembly process was repeatedly described for
amelogenin, the most abundant protein of the developing
enamel extracellular matrix, which appears to be essential for
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the structural organization and mineralization of enamel (16,
17, 20). Moreover, the nonamelogenin enamel matrix protein
tuftelin was also shown to self-assemble through its C-terminal
region (57). It is worth noting that upon isolation of ameloblas-
tin from newly formed porcine secretory enamel, even its
N-terminal cleavage products of 13 kDa (Met-32 to Gln-130),
15 kDa (Val-1 to GIn-130), or 17 kDa (Val-1 to Arg-170), all
appeared to be eluted from size exclusion chromatography col-
umns in the void volume peak (58). Therefore, it has been sug-
gested that the AMBN fragments formed large aggregates (58).
Because all the above mentioned proteolytic fragments of
AMBN harbored segment 36 —72, it is plausible to assume that
the previously observed aggregates could represent specific
supramolecular structures of ameloblastin, similar to those
described in this work. On the other hand, it should be noted
that no interaction of ameloblastin molecules was observed in
the yeast two-hybrid system (59).

Specific self-association of proteins into dimers or higher
order oligomers is a common property in all biological systems,
conferring new functions on the proteins that cannot be
accomplished by isolated protein monomers (60—62). Thus,
the here-described self-association of AMBN into supramo-
lecular structures may also confer some new functions on the
AMBN molecule that are characteristic for other self-assem-
bling extracellular matrix proteins. These may comprise struc-
tural scaffolding and support, complexing with each other to
increase structure stabilization, and/or multivalent binding to
cellular receptors, which ensures high binding strength and
regulates intercellular communication. Indeed, it was demon-
strated that AMBN binds to the cell surface by several different
mechanisms (35-37) and regulates proliferation and differen-
tiation of ameloblasts (35).

It has previously been observed that ameloblastin isolated
from porcine enamel harbors several post-translational modi-
fications, including hydroxylation of Pro-11 and Pro-324, phos-
phorylation of Ser-17, and O-linked glycosylation of Ser-86 and
Thr-361, respectively (63, 64). Because ameloblastin produced
in a prokaryotic expression system is not post-translationally
modified, the here-reported results would suggest that the
described or as yet unidentified post-translational modifica-
tions of AMBN are not essential for the capacity to self-associ-
ate into supramolecular structures. It cannot, however, be
excluded at present that the post-translational modifications
might have some impact on the rate of the self-assembly pro-
cess or on the final size and structure of the observed amelo-
blastin ribbons.

It has been previously suggested that AMBN serves as a
nucleator of crystallization, because it is expressed at mineral-
ization initiation sites within enamel (32, 44). Based on this
observation and our results, it is plausible to hypothesize that
intact AMBN may, upon secretion from ameloblasts, self-asso-
ciate into macromolecular assemblies and interact with cellular
receptor(s) and amelogenin and/or other enamel matrix pro-
teins, so as to participate in formation of a highly organized
supramolecular structure. This may then serve as a scaffold for
initial crystal formation and growth. When the correct forma-
tion of the scaffold is disrupted because of a defect in AMBN
self-assembly, this may translate into incorrect structural orga-
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nization and mineralization of the enamel. Indeed, it has earlier
been demonstrated in a mutant mouse model that AMBN plays
an indispensable role in enamel formation (33, 34). The used
mice produced an AMBN protein variant missing the sequence
encoded by exons 5 and 6 (AMBNA5-6), thus encompassing
residues 36 —151. In the AMBNA5-6 mutant mouse, in fact,
the dental epithelium differentiated into enamel-secreting
ameloblasts, but the cells were detached from the enamel
matrix surface, lost cell polarity, resumed proliferation, and
formed multiple cell layers, producing abnormal, unstructured
and calcified matrix (33, 34). In agreement with this phenotype,
the N-terminal portion encoded by exon 5 was shown in this
study to be crucial for AMBN self-association. Thus, the loss of
AMBN self-association might explain at the molecular level the
observed severe enamel hypoplasia in the AMBNA5— 6 mutant
mouse, similarly to what was observed in mutant mice express-
ing amelogenin variants that were unable to form AMEL self-
assembled structures (17).
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