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crystals. Here we have conducted a series ofin vivo and in vitro studies to

characterize the changes in matrix shape and organizatiorhat take place during the
transition from ameloblast intravesicular matrices to exdcellular subunit compartments
and pericrystalline sheath proteins, and correlated thesechanges with stages of
amelogenin matrix protein posttranslational processing.Our transmission electron
microscopic studies revealed a 2.5-fold difference in maix subunit compartment

dimensions between secretory vesicle and extracellular @mel protein matrix as well
as conformational changes in matrix structure between vesles, stippled materials, and
pericrystalline matrix. Enamel crystal growth in organ cure demonstrated granular
mineral deposits associated with the enamel matrix framewt, dot-like mineral deposits
along elongating initial enamel crystallites, and dramatichanges in enamel matrix
con guration following the onset of enamel crystal formatin. Atomic force micrographs

provided evidence for the presence of both linear and hexagml/ring-shaped full-length
recombinant amelogenin protein assemblies on mica surface while nickel-staining of
the N-terminal amelogenin N92 His-tag revealed 20 nm diamet oval and globular
amelogenin assemblies in N92 amelogenin matrices. Westerblot analysis comparing
loosely bound and mineral-associated protein fractions ofleveloping porcine enamel
organs, supercial and deep enamel layers demonstrated (ip single, full-length
amelogenin band in the enamel organ followed by 3 kDa cleavag upon entry

into the enamel layer, (ii) a close association of 8-16 kDa teéfrminal amelogenin
cleavage products with the growing enamel apatite crystalface, and (iii) a remaining
pool of N-terminal amelogenin fragments loosely retained diween the crystalline
phases of the deep enamel layer. Together, our data establisa temporo-spatial

correlation between amelogenin protein processing and thechanges in enamel
matrix con guration that take place during the transition fom intracellular vesicle
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compartments to extracellular matrix assemblies and the fonation of protein coats along
elongating apatite crystal surfaces. In conclusion, our sdy suggests that enzymatic
cleavage of the amelogenin enamel matrix protein plays a kawle in the patterning of
the organic matrix framework as it affects enamel apatite gstal growth and habit.

Keywords: amelogenin, extracellular matrix, self-assembly, s tippled materials, apatite crystal growth

INTRODUCTION the discovery of amelogenins as tissue-speci ¢ enamel ptein
rich in proline, glutamic acid, and histidiné=@stoe, 1960
Tooth enamel is a remarkable bioceramic characterized by Eastoe's contemporaries, the electron microscopists Dgroth
extraordinary hardness, resilience and fracture rest®#amhe F. Travis and Marie U. Nylen, pioneered an ultrastructural
formation of this extremely hard biomineral within the soft perspective of the developing enamel matrix by recognizing the
and gel-like extracellular enamel matrix remains an enigmatippled or nely granular materials located at the mineralinat
in biomedical research to this day. In-depth understandingfront as morphological building blocks of the enamel matrix
and visualization of the biological processes and mechamisn@prank et al., 1964; Travis and Glimcher, 1964; Reith, 1967;
involved in amelogenesis are hampered by the limitationsylen, 197). They and others reported the presence of 57 nm
of conventional imaging techniques and artifacts introddc granules in sectioned material and in suspensions of devejopin
because of sample preparation. Speci cally, opticaitro andin  enamel Fearnhead, 1965; Nylen, 1978he existence of stippled
vivoimaging are limited by the resolution of conventional light materials was brie y called into question when the e ect of
microscopy; scanning and transmission electron microscopyative temperature on matrix structure was discoveréggruu
are limited by sample preparation for near-vacuum electronst a|., 1982, 1994 Changes in enamel suprastructure aiC4
beam imaging conditions, contrasting procedures for organitemperature had been described earlier and attributed tdtgle
matrix visualization, and beam damage to the mineral phasgjroline content of the enamel matrix\(kiforuk and Simmons,
atomic force microscopy provides high resolution but is1965. Needless to say, faithful ultrastructural examinatidthe
restricted to surface topographies; and nuclear magnetisnamel matrix requires xation at 3T or room temperature
resonance spectroscopy lacks the topographical informatiofs the mammalian body temperature does not drop tc 4
provided by electro-optical imaging techniques. Yet, diarding  (Diekwisch et al., 1993, 1995The functional signi cance of
the weaknesses of individual strategies, the combinatibn @he enamel matrix stippled materials as supramolecular subuni
information derived from complimentary approaches has yidlde compartments responsible for the control of enamel crystal
much progress toward a comprehensive understanding of thgrowth became evident in study in which the translation o th
many aspects contributing to early enamel biomineralizatio key enamel matrix protein amelogenin was inhibited using an
The combination of imaging and analytical techniques tbget antisense strategip{ekwisch et al., 1993The concept of enamel
with a plethora of individual approaches has resulted in &natrix supramolecular assemblies as the basis for enansthtry
number of model systems that explain various aspects of enamgdacing and growth was thereafter con rmed using organ celtur
biomineralization. data Qiekwisch et al., 199%nd atomic force microcroscopy of
Early enamel researchers thought of the enamel matrix ag xed freshly prepared enamel matrixo{ekwisch et al., 1993,
a “concentrated amorphous gel structure, rather than a more99s: Diekwisch, 1998
highly oriented assembly of bers*earnhead, 194and believed Inversely interpreted transmission electron micrographs
that the concept of the enamel matrix as a thixotropic gel wouldogether with atomic force microscopy images and dynamic
explain its “potential mobility as the protein would ow from |Jight scattering data helped to advance the nanosphere theory
regions where rapid growth of apatite crystallites causedtallo of enamel crystal growthFincham et al., 1994, 1995; Paine
increase in pressure to adjacent, relatively unmineraliegebns, et al., 200). A simpli ed sketch Eincham et al., 1999llustrates
where it could initiate further crystals'Hastoe, 1993John E. beaded rows of amelogenin nanospheres surrounding growing
Eastoe fathomed that the enamel proteins should be consider@namel crystals, and begs for the question as to how the
“as the true matrix of enamel in which the apatite crystadlitge  needle-shaped thin enamel crystals would possibly grow while
laid down, by a process which is not yet explored by which magurrounded by densely packed globular structures. Indeed,
be analogous to the epitactic mechanism believed to occur ithe task of reconciling the rounded globes of amelogenin
collagenous mineralized tissugsStimcher, 1959; Eastoe, 1963 nanospheres with the sharp-edged hexagonal cross-sectfons o
Thus, Eastoe imagined the enamel matrix as a homogeneogaamel apatite crystals resembles the tting of a square peg in
gel in which the enamel proteins freely oat between furtherround hole. Today, none of the three pillars of the nanosphere
crystallized regions close to the dentin-enamel junctian t theory clearly provides evidence for the presence of spherical
the sites of early apatite crystallization at the amelobtasdt subunits in the enamel matrix: (i) light scattering data pign
membrane, readily aiding each crystal to be initiated aral\gr  reference radii and not necessarily imply the presence of sgaier
“until they come into contact with their neighbors’E@stoe, assemblies, (ii) atomic force micrographs visualize thdaser
1963. Notwithstanding this insightful speculation related fwet  topographies of enamel proteins assembled on mica sheets and
function of the enamel matrix, Eastoe deserves much credit f not in three dimensions, and (iii) the electron micrographs
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initially recruited to support the nanosphere theory incorigc this constant composition crystallization approach yielded
refer to the circular spaces in between nanospheres as protdiierarchically organized amelogenin and amorphous calcium
assemblies instead of the electron dense protein coatsiatezbc phosphate (ACP) nanorod microstructures involving the
with the growing enamel crystal®{ekwisch, 1998 a reversal of coassembly of amelogenin-ACP particlesérig et al., 2000
stained and unstained matrix compartments analogous to Edg&econd, a cryoelectron microscopy-based study has further
Rubin's young girl/old woman optical illusion. Moreover, the conrmed that amelogenin undergoes stepwise hierarchical
concept of self-assembly of amelogenins into spherical stdbunself-assembly, and that these assemblies are involvedein th
is not universally accepted, as some investigators havesdrgustabilization of mineral prenucleation clusters and their
that the organic enamel matrix organizes into brillaFiank arrangement into linear chaing=Gng et al., 20)1 This study
et al., 196)) lamellar Ronnholm, 196}, or helical structures also demonstrated that the prenucleation clusters subselyuen
(Smales, 197%50r laments and ribbons [lartinez-Avila et al., fused to form needle-shaped mineral particles and subsequentl
2012; Carneiro et al., 20)LRecent small angle X-ray scatteringapatite crystallites Hang et al., 20)1 Finally, a combined
(SAXS) studies propose that amelogenins self-assemble as naaircular dichroism/nuclear magnetic resonance (CD/NMR),
oblates with a 1:2 aspect ratibichmayer et al., 2005; Margolis dynamic light scattering, and uorescence spectroscopy ystud
et al., 200 Nevertheless, the nanosphere theory has establishegsulted in a model for nanosphere formation via oligomers,
a model for the role of globular enamel protein assembliesuggesting that nanospheres disassemble to form oligomers i
as structural entities involved in enamel hydroxyapatitestal mildly acidic environment via histidine protonationBfomley
growth. et al.,, 201). In their model, amelogenins undergo stepwise
The ubiquitous presence of the amelogenin-rich extracellulaself-assembly from monomers at pH3.5 to oligomers at pH5.5
enamel matrix throughout all stages of enamel crystal fdioma and to nanospheres at pH8, while subsequent nanosphere
infers an involvement in multiple aspects of matrix-mediatedbreakdown would increase the amelogenin binding surface
enamel crystal growth, including (i) matrix assembly, éijamel area to interact with the apatite crystal surfaéedmley et al.,
crystal nucleation, (iii) initial crystal fusion of apatipgecursors 2011J). All three of these models postulate a very close interaction
into apatite ribbons, and (iv) eventual crystal elongatiamda between the mineral and the protein phase at the site of initial
growth of true apatite crystals. Three models have beecalcium phosphate crystal growth. Such an intimate relatigns
established to explain amelogenin nanosphere assembly ahdtween the organic protein matrix and the growing crystal
interaction among nanospheres. A rst model based on SAX$hase goes back to earlier concepts proposed as part of Ermanno
data postulates that amelogenin nanospheres assemble irBonucci's crystal ghost theonyB¢nucci et al., 1988; Bonucci,
nanospheres with a dense hydrophobic core and a shell @019.
hydrophilic and negatively charged chain segme#tsi{mayer A number of morphological ndings have helped to
et al.,, 2005; Margolis et al.,, 2006A second model, the further expand our understanding of enamel crystal growth
amelogenin micelle model, focuses on the distribution obeyond the nanosphere stage, including the visualization of
hydrophilic and hydrophobic regions within the amelogeninrows of globular assemblies on the surface of developing
molecule and hypothesize that amelogenins aggregate inemamel hydroxyapatite crystal planes via freeze fractuctrete
micelles through the ionic interactions between positivelymicroscopy (oradian-Oldak and Goldberg, 20p5reports of
and negatively charged mini-domains and the complementarpanosphere disassembly and “shedding” of amelogenins onto
domain of another amelogenin molecule in reverse orientati apatite surfaces and associated changes in amelogenin segond
(Fukae et al., 2007 A third model based on heteronuclear structure (farasevich et al., 2009a,b, 2010; Lu et al., R @il
single quantum coherence nuclear magnetic resonance (HSQRe binding of globular matrix protein assemblies to devehgpi
NMR) spectra and analytical ultracentrifugation proposes thaenamel crystalé vitro (Robinson et al., 1981; Wallwork et al.,
amelogenins self-assemble as donut-shaped entities throug007). Together, these ndings lend support for a classic model of
ipsilateral interactions at thea-helical N-terminus of the matrix mediated enamel crystal growth, henceforth dubbesl th
molecule, while the hydrophilic C-termini point toward the beehive model, which is comprised of strings of mineral/matrix
outside of the assemblyZljang et al., 2001 Together, these nuclei that form a mantle of hexagonally arranged enamel
studies provide a good understanding of thevitro self-assembly mineral precursor deposits on the surface of growing enamel
capacity of amelogenin into nanoscale subunits. However, @atite crystals{obinson et al., 1990
universally accepted model explaining the vivo structural Most recent reports about lamentous amelogenin
entities of protein-mediated enamel crystal growth and thei nanoribbon self-assembly and their potential impact on
transformation throughout development is still lacking amd  enamel crystal formation add a unique dimension to the many
need of further investigation{uan and Moradian-Oldak, 20).5 shapes and forms resulting from amelogenin intermolecular
Three recenin vitro studies have shed light on the possibleassociationsNartinez-Avila et al., 2011, 2012; Carneiro et al.,
protein/mineral interactions that take place during the onhse 201§. Originally, these lamentous amelogenin nanoribbons
of enamel crystal growth. The rst of these three studiesktoo were detected at water-oil interfacégdtinez-Avila et al., 2011
advantage of a constant composition crystallization systenor inthe presence of calcium and phosphate iods\(tinez-Avila
allowing for the control of ion concentration changes atet al., 201). Similarities between amelogenin nanoribbons and
the nanomolar level Tomson and Nancollas, 19¥.8When the amyloid polyglutamine brillar aggregates as they ocicur
used in combination with recombinant porcine amelogenin,neurodegenerative diseas€$én etal., 2002; Tanaka et al., 2002;
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Schneider et al., 2011; Lyubchenko et al., 2012; Bucharaln et Transmission Electron Microscopy
2019 have been invoked to explain the concept of nanoribbong hree days postnatal mouse molar tooth organs as well as E16
templating apatite growth in human enameC#rneiro et al., tooth organs cultured for 12 days were xed in Karnovsky's
2019. However, elongated enamel protein matrix ribbons xative as previously described{ekwisch, 1998 dehydrated
without a close association to the adjacent mineral do nauoc and embedded in Eponate 12 (Ted Pella, Redding, CA). Sections
during enamel developmernin vivo (Diekwisch et al., 1995, were cut on a Leica Ultracut UCT ultramicrotome. After drying,
20032, and the protein assemblies generated in the lamentousections were contrasted in 1% uranyl acetate followed by
nanoribbon studies are rather evidence of the unique proggnsi Reynold's lead citrate for 15 min each. Observations wereemad
of amelogenins to form elongated assembiiessitro than a on a JEOL 1220EX transmission electron microscope at the UIC
physiological occurrence during mammalian amelogenesifesearch Resources Center (Chicago, IL).
Nevertheless, this propensity of amelogenins to form elcedjat
protein/mineral assemblies is likely a major force conttibhgto ~ Proteins
c-axis enamel crystal growth. The full length mouse amelogenin (M179), the N-terminal
The present contribution seeks to introduce a developmentamelogenin  N92 coding sequence, and the C-terminal
approach toward the relationship between enamel ionamelogenin C86 were cloned into pASK-&€3(with EcoR
and proteins during enamel crystal formation and growth.l and Xhol restriction sites at the 5 and 3' end respectively
Here we hypothesize that enamel ions and proteins aras previously describedi(l et al., 2009; Zhang et al., 2D11
intimately associated with each other throughout the ceursM179 is the full-length mouse amelogenin protein lacking
of amelogenesis, starting from ion transport until advancedhe N-terminal methionine Eimmer et al., 1994 while the
crystal growth, and that changes in mineral habit and proteinterms N92 and C86 denote recombinant proteins based on
conformation are caused by amelogenin enamel proteithe N-terminal amelogenin 92 amino acid fragment or the
fragmentation. To verify our dynamic three-phase model ofC-terminal amelogenin 86 amino acid fragmemth@ng et al.,
enamel matrix transformation and crystal growthigure 4 we  2011). For nickel staining of the N-terminal polyhistidine tag, an
have interrogated electron micrographs of developing moushl-terminal MRGSHHHHHHGAGDRGPE HIS-tag was inserted
molar enamelin vivo and in vitro and analyzed amelogenin at N-terminus of the protein. BL21-DM host bacteria were
self-assemblies using atomic force microscopy, uoreseencultured at 37C until the ODggg reached 0.8 and then were
microscopy, and nickel-labeling of the amelogenin N-terosn induced at 32C for 4 h. The expressed proteins were absorbed
To ask whether stage-specic changes in enamel matrignto a Ni-NTA agarose column and washed with 10 column
con guration were related to the presentation of amelogeninvolumes of PBS and 3 column volumes of 40 mM imidazole in
cleavage products within the matrix and adjacent to the alyst PBS, followed by protein elution with a pH 5.0 gradient (from
surface, we have separated porcine tooth molars into enamg0 to 500 mM) imidazole PBS solution and dialysis against
organ, super cial and deep enamel preparations and performeti,O. Subsequently, the puri ed proteins were concentrated to
a two-step protein extraction procedure separating looselgbout 10 mg/ml using a Centriprep YM-3 column. Finally, the
bound and mineral bound enamel proteins and probed proteirnpolyproline repeat amelogenin PXX33 peptide90% purity,
extracts using N- and C-terminal amelogenin antibodies orsequence PMQPQPPVHPMQPLPPQPPLPPMFPMQPLPPML)
Western blots. Together, these data provide new insightstie ~ was synthesized by Genescript (Piscataway, NJ).
conformational changes of enamel matrix structure andtesla
e ects of amelogenin processing that take place during enamé\tomic Force Microscopy
matrix assembly, enamel crystal nucleation, and enametalry The atomic force microscope (AFM) measurements were

growth. carried out using an extended MultiMode AFM (MMAFM)
integrated with a NanoScope llla controller (Veeco Instrurtsgn

MATERIALS AND METHODS Santa Barbara, CA) and a Q-Control Module (nanoAnalytics,
Muenster, Germany) as previously describedin( et al.,

Animal Experiments and Organ Culture 2009. The MMAFM was equipped with a calibrated E-type

For the preparation of 2 days postnatal mouse molars, mice wemezoelectric scanner and a glass cell for uid TappingMode AFM
sacri ced according to UIC animal care regulation, molargeve (both from Veeco). The silicon AFM cantilever/probe used in
dissected from mandibles and immersed into Karnovsky'sivex  this study was rectangular in shape, 130 in length and 35mm
as previously described{ekwisch et al., 1995For tooth organ  in width (NSC36, MikroMasch). The advertised typical force
culture studies, E16 timed-pregnant Swiss-Webster mices weconstant and resonant frequency of this cantilever/prob.&
sacri ced and mandibular rst molars were dissected. N/m and 75 kHz respectively. Nominal sharpness of the probe-
El6 cap stage tooth organs were cultured for 12 daysp end radius is 10 nm. The cantilever/probes were oscillated
in BGJIC medium (Fitton-Jackson's modi ed BGJ medium) near 30 kHz at low amplitude for uid tapping mode AFM. Fluid
supplemented with 100 g/ml L-ascorbic acid and 100 U/midamping reduces the resonant frequency of rectangular AFM
penicillin/streptomycin as previously describéti¢kwisch et al., cantilevers in air by approximately 50%. The AFM substrate
1999. Explanted molars were cultured at & with 95% air and used for protein adsorption was Grade V5, Pelco mica (10
5% CQ. Initial pH was adjusted to 7.4 and the medium was40 mm) purchased from Ted Pella (Redding, CA). The mica was
changed every other day. freshly cleaved using adhesive tape prior to use. Stock soutio
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of 10—20 mg/ml protein (either amelogenin M179 or C86) incollected and dialyzed for 1 week atG Thereafter, proteins

40 mM Tris (pH 8.0) were mixed and stored at@and analyzed were concentrated using Amicon spin columns (3 kDa cut-o,
by AFM. Stock solutions were diluted typically at 1:100 intoMillipore, Billerica, MA), and re-suspended in RIPA bu er for
the blank AFM imaging bu er (40mM Tris, pH 8.0) during Western blot detection.

scanning and adsorption to mica was monitored. Typical AFM For Western blot analysis, equal amounts of protein were
scan rates were 1.0-1.25 Hz for 512 data poinb6 lines. The loaded onto a 10% SDS polyacrylamide gel, subjected to SDS
AFM images were planet to correct for background slopinggel electrophoresis and then transferred onto a polyvingkdi

errors. di uoride (PVDF) membrane using a semi dry transfer system.

. The membrane was blocked with 5% dry milk in TBST,
Fluorescent Images of Aqueous Protein probed either with primary antibody against the C-terminal
Assemblies amelogenin fragment or against the N-terminal amelogenin

Lyophilized recombinant M179 full-length mouse amelogeninfragment (1:1,000), followed by anti-rabbit IgG HRP conjeght
and synthesized PXX polyproline repeat peptide were immersegecondary antibody (1:2,000; cell signaling) incubatioima&ry

in DDW (pH 7.4) overnight and allowed to self-assemble onantibodies were based on the following amelogenin-derived
a glass slide kept within a humid chamber. Same amounts @feptides: LPPHP GSPGY INLSY EVLTP LKWYQ SMIRQ P
each protein were used in this study. After 24 h, 1% uoresceifN-terminal antibody) and PLSPI LPELP LEAWP ATDKT
was added to the aqueous solution for 1 h. Subsequently proteliREEV D (C-terminal antibody) and generated in collaboratio
solutions on glass slides were examined under a cover stig us with Zymed (South San Francisco, CA). A chemiluminescent
a Leica uorescent microscope with a 100x oil immersion lens. substrate (Thermo Scienti ¢) was used to reveal the HRP signal

Polyhistidine Tag Labeling and Electron Statistical Analysis
Microscopy For this analysis, 15 subunit compartments located either in
Droplets containing 100m of diluted (1 mg/ml) pH7.5— secretory vesicles or within the enamel matrix were selected
8.0 His-tagged recombinant N92 amelogenin were placed owsing a random generator and average subunit size and stdnda
carbon coated copper TEM grids (Ted Pella, Redding, CA) andeviations were calculated and reported for both groups.
incubated in a moisturized container at 37 for 2 h. Thereafter, Studentst-test was used to determine statistically signi cant
TEM grids were quickly rinsed with DDW, immersed into 160  di erences between the two groups and the signi cance level wa
of freshly prepared 1% NiS@Sigma, St. Louis, MO) solution for setata  0.05.
30 min, quickly rinsed with DDW again, air dried, and analyzed
using a JEOL 1220EX transmission electron microscope at tieESULTS
UIC Research Resources Center (Chicago, IL).

Changes in Matrix Subunit Compartment

Western Blot Dimensions between Secretory Vesicle

Three months old porcine mandibles were obtained from Z?\/Iatrix, Extracellular Enamel Protein Matrix

local animal farm, and enamel organ epithelium and ename] Y : .
matrix proteins were collected immediately after slauglfitem Nanospheres”), and Pericrystalline

unerupted mandibular molars. As a rst step, the epithelialProtein Matrix (“Crystal Ghosts”)

enamel organ (EO) was collected separately from the matiix anTransmission electron micrographs of developing mouse molar
subjected to protein extraction. As a second step, two sugeessenamel revealed three stages involved in matrix mediated
layers of the protein rich enamel matrix were scraped o theenamel crystal growthRjgure 1A): (i) initial matrix assembly in
tooth surface: (i) a super cial enamel matrix layer that wasameloblast secretory vesicles, (ii) deposition of an exitdae
soft in consistency and easily removable without applicatioenamel matrix consisting of stippled materials, and (iii)
of force (SEL), and (ii) a deeper enamel matrix layer that warmation of initial enamel crystallites within this extraltular
already hardened and required mechanical force to be segghratmatrix. Comparison betweenFigures 1B,C illustrates the
from the underlying and already mineralized dentin surfaceremarkable subunit size dierences between the enamel
(DEL). Tissue and matrix from all three groups were thenmatrix of the stippled materialsFjgure 10 and the matrix
subjected to protein extraction for 5 days with SDS lysis bu ewithin the secretory vesiclesrigure 1B). Subunit dimensions
containing 0.5% sodium dodecyl sulfate, 0.05 M TRIS-CI, 1 mMolere 7.07nm  1.61nm for the secretory vesicle matrix
dithiothreitol (DTT) with a pH of 8.0. After lysis, samples wereand 17.47nm 3.44nm in the extracellular enamel matrix
dialyzed for 1 week at £ against DDHO, and centrifuged of the stippled materials Higure 1B vs. Figure 1. The

for 15min at 2,400 g and €. As a rst step, the SDS soluble 2.5-fold dierence in subunit size was statistically highly
supernatant from all three groups was collected for Westersigni cant (p < 0.0001). Transmission electron micrographs
blot. After removal of the supernatant, the pellet of all threealso demonstrated the less than parallel alignment of thikesar
extracts was subject to a second round of extraction with 4 Mnamel crystallites Kigure 1D) in comparison to the fairly
guanidine HCI. After 5 days of extraction in 4 M guanidine parallel aligned crystal needles at a further advanced state
HCL, the extraction solution was once more centrifuged, andrystal growth Figure 1B. In terms of matrix assembly, these
the supernatant of the 4 M guanidine group of each group wasnages revealed electron dense globular organic enamelxmatri
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FIGURE 1 | Electron micrographs illustrating subunit assembly and stictural transformation during initial enamel crystal foration in viva (A) Interface between
Tomes' processes and early enamel prisms. Note the presencef enamel matrix carrying secretory vesicles (Secr Vesislewithin the Tomes' process (Tomes) at the
apical ameloblast pole. Bulk deposits of an extracellular atrix containing stippled materials were recognized betwen the ameloblast cell membrane and the newly
formed enamel crystal layer. The border between enamel (Enzel) and dentin (Dentin) was delineated by differences inystal structure and organization)(B) High
resolution ultrastructure of an ameloblast secretory vesle (ves).(C) Ultrastructure and subunit organization of the non-minell&ed enamel extracellular matrix
commonly identi ed as stippled materials (St)(D,E) Ultramicrographs of early enamel crystals(D) illustrates the somewhat disorganized arrangement of iniétl enamel
crystals (cr), and(E) reveals ribbon-shaped assemblies (rib, arrows) of organimatter in between highly parallel rows of enamel crystals.cale bar (A) D 1 mm;
(B,C) D 100 nm; (D,E) D 100 nm. The same scale bar applies fofB—E).
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subunits closely associated with growing enamel cry&slli assemblies Figure 3A) indicative of a propensity of full-
(Figure 1D) and beaded or helical arrangement of organiclength amelogenins to self-assemble either in linear rows o
nanoribbons in close proximity to the elongating apatiteas hexagonal patterned subunit compartments when exposed
crystals Figure 1B. Exposure of isolated and free-standingto at mica surfaces at pH 7.4 without the addition of
enamel protein nanoribbons (arrows) was likely due to theadditional proteins or ions. The C-terminal amelogenin alone
thin plane of section on these 400A diameter ultrathin sewio without the helical N-terminus did not form any detectable

(Figure D). surface patternsHigure 3B). To ask whether the amelogenin
N-terminus was involved in self-assemblies, our previously

Key Features of Enamel Crystal Growth in generated N-terminally His-tagged N92 amelogenithing

Organ Culture: (I) Granular Mineral et al., 201} was incubated on carbon-coated mesh wire

grids and subjected to nickel staining. Transmission etect

Deposits Associated with the Enamel micrographs of stained N92 matrices revealed oval or donut-

Matrix Framework, (ii) Dot-Like Mineral shaped electron-dense assemblies measuring approximately
Deposits along Elongating Initial Enamel 20 nm in diameter Figure 3Q). Fluorescent labeling of overnight
Crystallites, and (iii) “Crystal Ghost” incubated amelogenins in aqueous solution at pH 7.4 resiitted

: : : : complex large scale assemblies measuring several micremeter
Organic Matrix Adjacent to Forming in length (Figure 3D). In contrast, self-assemblies of PXX33
Enamel Crystals polyproline-rich amelogenin peptides incubated under the same

Organ culture models are unique experimental systems infwhiceonditions were substantially thinner and smallgiqure 38).
the loss of circulation and the reduced access to nutrients

allows for enhanced morphological insights into key event§y/estern Blot Analysis Reveals Parallels

of mineralized tissue formationQd(iekwisch et al., 1993, 1995; bet Amel in E tati d
Diekwisch, 1998 Here, our tooth organ culture study revealed etween Amelogenin Fragmentation an

granular electron dense mineral deposits onto the organizima Changes in Matrix Organization during

framework of the enamel matrix stippled materialigure 20), Enamel Protein Transport, “Nanosphere”

suggestive of a high mineral content in the pre-crystallineAssemb|y’ and Crystal Growth

enamel extracellular matrix. Initial crystallites wergrsunded  ere we asked whether changes in enamel matrix con guration
by a fairly electron dense organic matrikigure 2D). These a5 they occur during amelogenesis coincide with the gradual
initial mineral protein/mineral assemblies were separar@a_inf processing of the full-length amelogenin into enzymatically

each other by electron-lucent zones in between discret@eaved fragments. In addition, we employed two successive
mineral assembly depositsigure 2D). Elongated crystals were giages of protein extraction to separate loosely-bound and
surrounded by an electron dense coat of mineral granulegyystal-associated matrix proteins. First, loosely bound

in immediate proximity to the crystal surface, indicativentercrystalline proteins were harvested using a sodium

of epitaxial crystal growthHigure 2B). Finally, transmission  godecyl sulfate (SDS)-based extraction procedure thatifoms

electron micrographs of the enamel matrix/initial crysization  gjmilar to a detergent. Thereafter, crystal-bound enametrixa
interface demonstrated an almost linear separation betviieen proteins were extracted via 4M guanidine (modied after

subunit compartments of the non-mineralized matrix and theTqrmine et al. 1990 Individual SDS-based or guanidine
crystal-associated mqtrix of the e_arlycrysta!line phasggasstive (Gu)-based extracts from enamel organ, super cial or deep
of anen blockconversion of matrix assemblies from crystal-freegnamel matrix were then subjected to gel electrophoresis and

to crystal-rich matrix gigure 2F). Western blot Figure 4A). We postulated that our layer- and

) ) binding-level based analysis would provide new insights into
Linear and 20 nm Hexagonal/Ring-Shaped relationship between amelogenin processing, matrix assemb
Amelogenin Protein Assemblies on Mica and protein-mediated crystal growth. _ o
Surfaces and 20 nm Globular Amelogenin 280I<lg Cl;ter(rjnllnzl_ arpelogfen:Ln a;nﬁblodytrr]ecogr;lzed a d'St'tnth

: : Ctai a band indicative of the full-length amelogenin on the

Assemb“e_s of Nickel-Stained N92 ) SDS-based enamel organ extragtigire 4C lane 1). This
Amelogenlr}s on Carbon Coated Grids As antibody identi ed two strong bands at 28 and 25 kDa and
Revealed via AFM and TEM a less intense band at 15 kDa on the SDS-based extract of

Three dierent types of experiments were conducted tothe super cial enamel matrix, while there was a single 26 kDa
visualize modes of amelogenin self-assembly and addresand on the SDS-based extract of the deep enamel matrix
the question as to which amelogenin motifs were involvedFigure 4C lanes 2 and 3). There was a 23 kDa amelogenin
in self-assembly and protein elongation. In a rst set ofpositive band on the Gu-based extract of the enamel organ
experiments, recombinant full-length mouse amelogenin (®)17 and a series of three amelogenin positive bands ranging
and C-terminal C86 amelogenin were placed on freshijrom 8 to 16 kDa on the Gu-based extract of the deep
cleaved mica and allowed to self-assemifégyres 3A,B. enamel matrix Figure 4C lanes 4 and 6). In opposite to the

Tapping mode AFM images revealed parallel rows of globulastrong amelogenin signal in the SDS extract of the super cial
amelogenin protein as well as circular/hexagonal inter-ronvenamel layer, the amelogenin signal in the Gu extract of the
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FIGURE 2 | Constituents of rst mandibular mouse molar enamel formatin in organ culture as revealed by electron microscopyNote the differences between
Figure 1 (in vivo) and this gure (n vitro). (A) Interface between apical ameloblast cell membrane (ameladst), organic extracellular enamel matrix (matrix), anditial
enamel crystal deposits (enamel). Note the secretory vedes (secr vesicles) at the apical ameloblast pol€B,C) High magni cation ultrastructural comparison
between enamel matrix structure within secretory vesicleB) and extracellular matrix(C). The arrow in(C) points to electron dense mineral deposits as part of the
supramolecular matrix framework(D,E) Initial stages of enamel crystal (cryst) formation in orgarutture. Note the electron opaque coat (arrow) surroundingitial
crystal precipitates(D) and the electron dense particles (arrow) in immediate praxiity of the elongated crystals(E). (F) Sharply delineated interface between
non-crystallized organic matrix (matrix) and the initiakygstallized enamel layer (cryst). Scale bgA) D 200 nm; (B,C) D 100 nm; (D,E) D 100 nm; (F) D 200 nm. The
same scale bar applies for(B—E).

Frontiers in Physiology | www.frontiersin.org 8 October 2017 | Volume 8 | Article 790



Pandya et al. Enamel Matrix Con guration Changes

FIGURE 3 | Amelogenin protein self-assemblyn vitro. (A) AFM image of M179 amelogenin on freshly cut mica. Note the pailel rows of self-assembled amelogenin
spheres (parallel white lines) next to hexagon-shaped, grike assemblies (white circles)(B) In contrast, C86 amelogenin on freshly cut mica did not reveainy
prominent structural entities.(C) Oval shaped, N-terminal His-tagged amelogenin N92 assemigls (arrow) as revealed by nickel-stain(D) Fluorescently labeled,
self-assembled full-length amelogenins in aqueous solutn. (E) Fluorescently labeled, self-assembled amelogenin PXX33lyproline repeat peptides in aqueous
solution. The arrow points to elongated amelogenin structies (D,E). The same scale bar applies fo(D,E).
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FIGURE 4 | Localization of amelogenin fragments in enamel organ, supeial, and deep enamel layers based on fractionated proteimextraction and antibody
recognition site.(A) Porcine enamel organ dissection and preparation scheme. Eamel organ (EO), super cial enamel layer (SEL), and deep enafayer (DEL) were
separately collected for further analysis(B) Fractionated enamel protein extraction procedure using sgium dodecylsulfate (SDS) as a rst step and 4 M guanidine HCI
for subsequent extraction of the SDS-insoluble residue as aecond step. (C) C-terminal amelogenin peptide antibody based Western blstof SDS extracts (SDS) or
SDS residue guanidine extracts (Gu) of EO, SEL, and DEL enatr@gan/enamel layer protein preparations(D) N-terminal amelogenin peptide antibody based
Western blot of SDS extracts (SDS) or SDS residue guanidinexeacts (Gu) of EO, SEL, and DEL enamel organ/enamel layer fpein preparations.
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super cial enamel was below detection threshokiglre 4C  structures Emales, 19795 but more likely consist of ribbon-
lane 5). In contrast, our N-terminal amelogenin antibodylike assemblies of donut-shaped protein nanospher#saiig
only reacted with the SDS-based extract of the deep enamel al., 2011; Carneiro et al., 2016 immediate proximity to
layer (Figure 4D), indicating that the N-terminal amelogenin the elongating crystal needles. Such protein nanoribbors no
fragment is not immediately associated with the growingstayy always display the corresponding crystal needle in the same
surface. section because of the ultrathin sectioning technique ived

in sample preparation. However, electron micrographs of earlier

and later stages illustrate the intimate relationship bemwve
DISCUSSION each individual electrondense enamel crystal needle and its

slightly less electrondense pericrystalline protein coamil&
For the present contribution we have queried the developingmages of pre-fusion initial enamel crystals and consecutive
enamel matrix usingin vivo and in vitro models as well stages of apatite fusion into mature enamel crystals have been
as amelogenin self-assembly patterns to reconcile segminglublished earlierRobinson, 2007; Beniash etal., 2009; Fang etal.,
divergent models and proposed mechanisms of mammalia@01)).
matrix mediated tooth enamel formation. We have revisited Organ culture studies revealed four key ndings related to
electron micrographs of mouse enamel development, carefullyur understanding of potential mechanisms involved in ename
analyzed lesser known aspects of enamel matrix recon gumati crystal growth: (i) granular mineral deposits associateth wi
and initial crystal growth in organ culture, and characgil the enamel matrix framework, (ii) dot-like mineral deposits
amelogeninin vitro self-assembly patterns using atomic forcealong elongating initial enamel crystallites, (iii) a miakfree-
microscopy, uorescence microscopy, and nickel-labelinghef t zone surrounding initial enamel crystal precipitates, and (iv
N-terminal polyhistidine tags at the N-terminus of amelogen dramatic changes in enamel matrix con guration following
N92 fragments. We have also performed Western blot analyséise onset of enamel crystal formation. Organ cultures are
to determine whether stage-speci c changes in enamel matrixnique experimental environments that faithfully mimic the
con guration were related to the amelogenin posttranslatib timely progression of physiologic events during embryonic
processing along stages and layers of enamel developmeamganogenesisifowell, 1954; Yamada et al., 1980; Saxen et al.,
using N- and C-terminal amelogenin antibodies. Together]1983; Evans et al., 1938However, because of a limited supply
these studies establish the enamel matrix as a dynamic nutrients, limited ion and protein di usion, isolation frm
and multifunctional protein assembly involved in all aspectssurrounding tissues, and physical separation from long-range
of enamel formation, including vesicular transport, matrix signaling events, amelogenesis in organ culture is e egtige
assembly, spacing of crystal nucleation sites, and protetime-lapse process that progresses at approximately twice the
mediated crystal elongation. speed ofin vivo amelogenesis. The time-lapse progression of

Our micrographs indicate substantial di erences in matrix events and the slight augmentation of key morphologicalfiesst

subunit dimensions and shapes between secretory vesicles, pdee to an accumulation of matrix and mineral allows for the
crystallization enamel protein matrix, and intercrystadliprotein  visualization of events and structures that would otherwise
matrix during the crystal elongation phase. Speci cally,réhe remain below the threshold of detectioDigkwisch et al., 1993,
was a signi cant di erence in matrix subunit compartment size 1995; Diekwisch, 1998
between secretory vesicle assemblies measuring approkimate Among the unique ndings presented here is the evidence
7nm in diameter and the extracellular enamel protein matrixfor granular mineral deposits along the stippled materials
subunit compartments with an average diameter of 17.5nmframework of matrix subunit compartments, suggesting that
Similar changes in subunit dimensions have been reported ithe stippled materials structure previously thought of as a
earlier molecular cross-linking studieBrpokes et al., 2006A  mineral-free protein zone in fact contains a mixture of miaker
detailed analysis of matrix dimensions in an earlier trarssiun ions and proteins. This nding and the detection of dot-
electron microscopic study reported 5 nm diameters in secyeto like, granular mineral deposits along the elongating apatite
vesicles and 20 nm diameters in stippled materials and in therystal surface not only conrm earlier reports of linearly
protein coat covering initial enamel crystal deposifsekwisch — arranged, electron-dense dots and globular subunitsaifk
et al., 199h Estimates of protein assembly dimensions based oand Nalbandian, 1963; Hohling et al., 1966; Robinson et al.,
transmission electron micrographs are likely to undereatien 1981, 198§ but also lends support to more recent concepts
actual dimensions by a small percentage because of tlmvolving co-assembled amelogenin protein/calcium phosphate
dehydration involved in sample preparation, suggesting thamineral nanoclusters as the basis for enamel mineral growth
actual subunit dimensions may be closer to 10 nm in secretor{Beniash et al., 2005, 2009; Yang et al.,, 2010; Bromley
vesicles and 25nm in the extracellular matrix. Togethegsth et al., 2011; Ruan and Moradian-Oldak, 201t fact, the
ndings indicate that the enamel matrix is recon gured when presence of an electron lucent zone surrounding initial alst
the enamel mineral/protein cargo leaves the secretory lessic precipitates with adjacent matrix deposits in organ cultureyma
and enters the extracellular matrix milieu. Our data areoalsindicate that protein/mineral nanoclusters had disassedbl
suggestive of a second change in matrix con guration afigidl  (“shed”) from nanospherical matrix subunits onto the crystal
crystal precipitation. In fact, the structures presented irr ou surface and were no longer present at the interface between
transmission electron micrographs somewhat resemble dleliccrystals. One of the most remarkable sights in our electron
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FIGURE 5 | Model explaining enamel crystal formation through matrixssembly and processing.(A—F) Changes in matrix conformation. Enamel matrix assembly
begins as 5-7 nm subunits within ameloblast secretory vesies (A). Once secreted into the extracellular space, mineral-ricknamel proteins self-assemble as 20 nm
diameter subunit compartments that provide the structurabasis for orderly spaced enamel crystal nucleatiofB,C). Proton generation during initial crystallization
results in a dissociation of the stippled materials matrixra a “shedding” of enamel protein assemblies onto the surfaes of growing enamel hydroxyapatite crystals
(E,F). (A/A-B/C) Temporo-spatial amelogenin processing during enamel matation. (A/A) Full-length P173 amelogenins are exclusive the enamel organ

(Figure 4C lane 1), where they are packaged into 5-8 nm subunits withinexretory vesicles Figures 1A,B , 2A,B). Upon entry into the enamel extracellular matrix,
cleavage of the hydrophilic C-terminus generates P161 amegienins Figure 4C lanes 2,3), and resulting hydrophobic interactions betwee P161 amelogenins trigger
the formation of 20 nm sized subunit compartments (“nanosphres,” Figures 1C , 2C) for the spacing of enamel crystal nucleation sites. (E/F) ind C-terminal
amelogenins during enamel crystal formation and elongatio Further processed amelogenin C-terminal fragmentd={gure 4C lane 6, 8-16 kDa) are tightly associated
with the elongating crystal surfaceRigures 1E, 2D,E) as revealed by guanidine extracts. In contrast, N-terminalmelogenins likely oat in between elongating apatite
crystals as they were only detected in SDS detergent extrastand not in the guanidine fractionigure 4D ).

micrographs of initial enamel mineralizatiom vitro and in  crystal surfaces, resulting in the disassembly and sheddfn
vivo was the drastic conversion of matrix structure fromnanosphere substructureSefasevich et al., 2009a,b; Bromley
the stippled materials matrix to the elongated protein andet al., 2011; Robinson, 2014; Ruan and Moradian-Oldak,
mineral assemblies of initial crystal growth. Such a cosieer 2015, and the initiation of a cascade of events related
of matrix organization may be due to the deprotonation ofto crystal formation, epitaxial crystal growth, and crystal
amelogenin histidine residues and simultaneous protomatib  elongation.
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Our atomic force micrographs of full-length amelogeninto cause a profound dissolution of the mineral phase, even
in vitro self-assemblies on freshly cleaved mica not onlyhough addition of EDTA would result in further removal of the
demonstrate that amelogenins have the capacity to form tineanamel mineral. Changes in amelogenin molecular weight from
protein assemblies but also self-organize into hexagomagjsri the full-length molecule in the super cial enamel layer to dieo
resembling the subunit compartment organization of the stggpl fragments in the crystal-bound phase explains the dramatic
enamel extracellular matrix. As striking as those lineart@io  change in enamel matrix con guration from “nanosphere”-
assemblies might be, careful examination of these imagesi®e type supramolecular matrix assemblies to the “crystal ghost™
the large number of hexagonal ring subunits in between rowtype organic crystal coverings on the surface of elongating
of globular protein structures. As mentioned earlier, theein  apatite crystals as a result of further enzymatic proces3ihis.
arrangement of protein subunits may be evidence of the uniquending con rms previous studies on the close proximity of
propensity of amelogenins to form elongated assemblies,hwhidche amelogenin C-terminus to the apatite surfader@sevich
in turn might facilitate longitudinal enamel crystal growgélong et al.,, 2009a,b, 2010; Lu et al.,, 201k contrast to the
the crystal c-axis. As to the involvement of individual acggnin  apatite-associated amelogenin C-terminus, the amelogenin N
motifs in amelogenin self-assembly, our nickel labelinghef terminus was accessible to our SDS solvent based extraction
N92 amelogenin polyhistidine tag con rms the essential roleprocedure, suggesting that the N-terminal amelogenin rebide
of the amelogenin N-terminus in the self-assembly of 20 nnoosely bound in the intercrystalline space of the deep enamel
diameter aggregatesZifang et al., 2001 In contrast, our layer.
uorescein labeling studies indicate that the polyproline daim In conclusion, ourin vivo, organ culture, and amelogenin
alone results in very limited protein self-assembly and rhighin vitro assembly studies have resulted in a dynamic three-
rather contribute to nanosphere compaction and enamel prisnphase model of enamel matrix transformation and crystal
formation (Jin et al., 2009 while the C-terminus has been shown growth (Figure 5. Based on our data and other ndings
to preferentially bind to the (100) face of apatite crystalewh presented in this contribution, enamel matrix assembly begi
compared to the (001) phase and contribute to c-axis crystals 5—-10 nm subunits formed by full-length amelogenins within
growth (Moradian-Oldak et al., 2002; Pugach et al., 2010; Friddlameloblast secretory vesicles (A). Once secreted into the
etal., 2011; Gopinathan et al., 2014 extracellular space, mineral-enriched enamel protein self-

Our Western blot analysis of sequentially extracted enamelssemblies consisting of C-terminally cleaved amelogenins
matrix proteins from the enamel organ, super cial and deeporganize into 20—-25nm diameter subunit compartments that
enamel matrix layers revealed a 3 kDa cleavage of the fugten provide the structural basis for orderly spaced enamel crystal
amelogenin when the protein leaves the enamel epitheliunmucleation (B,C). Proton generation during initial crydizdtion
enters the enamel matrix, and then associates with the arystresults in further matrix reorganization and amelogenin
surfaces. This nding indicates that the amelogenins of therocessing, a dissociation of the stippled materials matriet an
enamel organ epithelium are of higher molecular weightthHant a “shedding” of C-terminal amelogenin/mineral nanocluster
amelogenins in the enamel matrix. Such higher moleculagimei onto the surfaces of growing enamel hydroxyapatite crystals
(28 kDa) amelogenins likely provide the structural framekior  (E,F).
the 5-8 nm subunit assemblies within the ameloblast sexgreto
vesicles. Once expelled from the ameloblast cell body and up@THICS STATEMENT
entry into the enamel matrix, the transition from amelokias
secretory vesicle subunit compartments into 20nm enameAll animals studies were approved by the Institutional
matrix “nanosphere” assemblies is likely accomplished by CAnimal Care Committee of the University of lllinois at
terminal amelogenin cleavage via the matrix metallopras&é Chicago.

MMP20 (Zhu et al., 201} into slightly lower molecular

weight (25 kDa) amelogenins. MMP20 is abundant at theAUTHOR CONTRIBUTIONS

ameloblast/enamel matrix interface and activated in thetqume

rich environment of initial apatite crystal formationKpan  MP and TD wrote the article, TD designed the experiments, TL,
et al., 201p The C-terminal cleavage then results in alLlL, MA, TJ, and XL conducted experiments.

reassembly of the enamel protein matrix structure from the

5-8nm subunit assemblies into the 20nm matrix subunitFUNDING

compartments.

The second key nding of our Western blot analysis focuse®kesearch reported in this publication was supported by the
on the transition from the loosely bound and SDS extractabl@ational Institute of Dental and Craniofacial Research of
25/28 kDa amelogenins of the super cial enamel matrix to theghe National Institutes of Health under award number RO1
crystal associated 8-16 kDa C-terminal amelogenin fragenenDE018900. The content is solely the responsibility of théaunst
that were only resolved after subsequent guanidine extract and does not necessarily represent the o cial views of the
In our laboratory, 4 M guanidine alone is commonly employedNational Institutes of Health.
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