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Introduction
Enamel extracellular matrix (EECM) consists of a distinct set 
of molecules, including amelogenin (Amel), ameloblastin 
(Ambn), enamelin (Enam), amelotin (Amtn), and proteinases 
(Moradian-Oldak 2012). These proteins assemble to create a 
mineralizing 3-dimensional extracellular matrix (ECM) that 
eventually guides its own replacement by the mineral phase 
(Fincham et al. 1995; Smith 1998; Margolis et al. 2006; Lacruz 
et al. 2017).

Ambn, the second most abundant enamel matrix protein, is 
a proline-rich, intrinsically disordered macromolecule involved 
in cell-matrix adhesion, the construction of functional EECM, 
and enamel mineralization (Fukumoto et al. 2004; Zhang, 
Diekwisch, et al. 2011; Wald et al. 2017). Mutations such as 
deletion of AMBN exon 6, a homozygous splice-site mutation 
(c.532–1G>C), and a C-T point mutation causing a P357S 
mutation are all associated with human hypoplastic amelogen-
esis imperfecta (AI) (Poulter et al. 2014; Prasad et al. 2016; Lu 
et al. 2018). In mouse, deletion of Ambn exons 5 and 6 results 
in the detachment of ameloblasts, the loss of their polarized 
organization, and the replacement of enamel by a thin layer of 
dysplastic mineralized matrix (Fukumoto et al. 2004; Wazen  
et al. 2009).

Cell-matrix adhesion is typically mediated by integrin 
receptors, which can bind to a wide range of ECM proteins as 
well as to cell surface proteins and soluble factors (Mouw et al. 
2014). In enamel, Ambn could mediate enamel cell-matrix 
adhesion through its integrin-binding motif (Cerny et al. 1996), 
heparin-binding motifs (Sonoda et al. 2009), or fibronectin-
binding motif (Beyeler et al. 2010). However, our recent 

sequence conservation analysis from 47 species showed that 
these motifs are not highly conserved and have identical 
sequences in only a few species (Su, Kegulian, et al. 2019). We 
then identified a highly conserved amphipathic helix-forming 
(AH) motif in the sequence encoded by exon 5 of Ambn that 
binds to a synthetic lipid surface, implying that this motif could 
allow Ambn to directly bind ameloblast cell membrane.

Here, we build upon our recent in vitro findings on Ambn-
liposome interactions and hypothesize that the highly con-
served AH motif is involved in Ambn cell-matrix adhesion by 
binding to ameloblast-like cell membrane surfaces. We demon-
strate that Ambn and cell membrane colocalize in developing 
mouse incisor enamel. In vitro, we used the LS8 (Chen et al. 
1992) and ameloblast lineage cell (ALC) (Nakata et al. 2003) 
dental epithelial cell lines, which are well-characterized cell 
culture models representing ameloblasts, to study their affinity 
to recombinant exogenous Ambn protein, Ambn variants, and 
Ambn-derived peptides. We also used well-known cells with 
different origins, such as NIH3T3 fibroblasts and epithelial 
TCMK-1 cells, as controls to assess whether recombinant 
Ambn binds to these cells’ surfaces. We used a series of 
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synthetic peptides and variants derived from Ambn in cell 
attachment and spreading assays to identify the motif that 
mediates the binding of Ambn to cell membranes. Ambn vari-
ants without the AH motif or with a disruption to AH motif 
were used to investigate the function of the AH motif in bind-
ing to cell membrane or a synthetic lipid membrane. Our find-
ings provide insight into the molecular mechanism and function 
of Ambn in enamel cell-matrix interaction, which are in turn 
important for understanding the etiology of AI and developing 
new treatment strategies for enamel repair.

Materials and Methods

Protein Expression and Purification

Recombinant mouse Ambn proteins and their variants were 
expressed and purified following our published protocol, which 
is described briefly in the Appendix (Su, Bapat, et al. 2019), and 
characterized by mass spectroscopy (Appendix Fig. 1).

Peptide Synthesis

Peptides were synthesized and purified by Chempeptide 
Limited. Seven peptides (AB1, AB2, AB2N, AB2C, AB4, 
AB5, and AB6) were designed based on the amino acid 
sequence of mouse Ambn (Appendix Table 1).

Mouse Tissue Immunofluorescence-DiD  
Labeling and Imaging

The method was adapted from our published protocol (Bapat 
and Moradian-Oldak 2019) and is described in the Appendix.

Cell Culture

Mouse LS8 cells were obtained from Professor Malcolm Snead 
at the University of Southern California (Chen et al. 1992). 
Mouse ALCs were obtained from Professor Toshihiro Sugiyama 
at Akita University, Japan (Nakata et al. 2003). NIH3T3 
(mouse fibroblast) and TCMK-1 (mouse kidney cells) were 
purchased from ATCC. All cells were cultured in high-glucose 
Dulbecco’s modified Eagle’s medium (DMEM) (Corning) 
containing 100 U/mL penicillin, 100 mg/mL streptomycin, and 
10% heat-inactivated fetal bovine serum (Corning), in a 5.0% 
CO2 atmosphere at 37°C. For confocal microscopy, cells were 
cultured in an 8-well Nunc Lab-Tek II Chamber Slide System 
(Thermofisher).

Fluorescein Isothiocyanate Labeling of Ambn, 
AmbnΔ5, AmbnΔ6, Transferrin, Amel, 
Lysozyme, and AB2

The lyophilized proteins and peptide were dissolved in pH 
10.0, 100 mM NaHCO3 buffer. Fresh fluorescein isothiocya-
nate (FITC) solution was prepared in dimethyl sulfoxide 

(DMSO) and then added to the protein or peptide solution to 
obtain a FITC/protein molar ratio of 100:1. The mixture was 
kept in the dark and shaken gently at 37°C for 4 h. The unre-
acted FITC was removed by HiTrap desalting columns (GE 
Healthcare). Sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) confirmed that Ambn did not degrade 
during labeling (Appendix Fig. 2).

Cell Membrane Binding Assay

The cells were cultured in DMEM containing 10.0 µM 
1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine per-
chlorate (DiD; Thermofisher) overnight, then incubated in 
DMEM containing 5.0 µM FITC-labeled protein or 20 µM AB2-
FITC for 15 min, washed gently with phosphate-buffered saline 
(PBS) buffer 3 times, fixed with 4.0% paraformaldehyde for 
20 min, washed with PBS buffer 3 times, kept in ProLong 
Diamond Antifade Mountant with DAPI (Thermofisher), and 
covered with glass cover-slips. All samples were imaged using a 
Leica TCS SP8 confocal microscope with an oil immersion objec-
tive HCX PL APO CS × 60 (NA 1.4). Detection of FITC and DiD 
was performed at 498 to 560 nm (excitation 488 nm) and at 643 to 
750 nm (excitation 633 nm), respectively. Three-dimensional 
images were reconstructed using 163 optical sections (0.1 µm 
step) for ALCs with Ambn-FITC or 17 optical sections (0.3 µm 
step) for ALCs with AB2-FITC. Colocalization analysis was per-
formed using Leica Application Suite X (version 1.8.1.13759).

Cell Attachment and Spreading Assays

The assays were conducted following published protocols and 
as described in the Appendix (Humphries 2001; Sonoda et al. 
2009).

Unilamellar Lipid Vesicle Preparation  
and Biophysical Assays

Biophysical assays were conducted using large unilamellar 
vesicles (LUVs), mimicking the membrane domain involved 
in epithelial cell-ECM adhesion (Márquez et al. 2008), follow-
ing published protocols and as described in the Appendix (Su, 
Kegulian, et al. 2019).

Data Analysis

Statistical analysis was carried out using 1-way analysis of vari-
ance (ANOVA). Significance was accepted when P < 0.05. All 
data were representative of at least 3 independent experiments.

Results

Ambn Adheres to Ameloblast Cells

To show colocalization of Ambn with the ameloblast mem-
brane, in vivo immunofluorescence together with DiD staining 
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of enamel sections from P8 mouse incisors was performed by 
modifying a recently published protocol (Bapat and Moradian-
Oldak 2019) (Fig. 1 and Appendix Fig. 3). In situ immunofluo-
rescence of incisor sections showed that Ambn (green) was 
expressed in both secretory and transition stages, as well as 
localized at the interface between ameloblasts and enamel 
matrix (Fig. 1A1, B1). Colocalization analysis further showed 
that Ambn colocalized with membrane lipid (white dots in Fig. 
1A4, B4).

To investigate Ambn-cell adhesion, ameloblast-like cells 
(LS8 and ALC) and fibroblasts (NIH3T3) were incubated with 
FITC-labeled recombinant Ambn. Confocal images showed 
that wild-type Ambn (green) colocalized with membrane (red) 
on both ameloblast-like cells and fibroblasts, particularly on 
their pseudopodia (Fig. 2A–C), suggesting that Ambn adheres 
to the cell membrane surface and the adhesion may not be spe-
cific to ameloblasts. The adhesion to ameloblast-like cells was 
clearly visible at higher cell density (Appendix Fig. 4). In con-
trast, transferrin (positive control, green), whose receptor is 
known to be expressed on ameloblasts (McKee et al. 1987), 
bound evenly to the cells, covering the entire cell surface (Fig. 
2D). Lysozyme (negative control, green) did not show any sig-
nificant binding to ALCs (Fig. 2E). Amel (green), the most 
abundant enamel matrix protein, showed nonspecific adhesion 
to ALCs (Fig. 2F). Three-dimensional imaging (Appendix 
Video 1) and maximum intensity projection of z-stack (Fig. 
2G) confocal images demonstrated Ambn-cell adhesion more 
clearly.

Ambn-Derived Peptide AB2 Inhibits  
Ambn-Cell Adhesion

To identify the motif responsible for Ambn-cell adhesion, 
competitive cell attachment and spreading assays were con-
ducted using Ambn-derived peptides and heparin. Peptide AB2 
is the sequence encoded by exon 5 of Ambn and contains the 
AH motif (Fig. 3A and Appendix Table 1). AB5 and AB6 con-
tain the reported fibronectin- and heparin-binding motifs, 
respectively (Sonoda et al. 2009; Beyeler et al. 2010). These 
peptides and heparin were expected to inhibit Ambn-cell  
adhesion by competing with the AH, fibronectin-binding, or 
heparin-binding motifs of the recombinant full-length Ambn 
coated on the dishes. AB1 and AB4 were negative controls.

The relative numbers of attached LS8, ALC, and NIH3T3 
cells decreased in the presence of all Ambn-derived peptides 
and heparin. A significant decrease in cell adhesion was par-
ticularly noted in the presence of AB2 (P < 0.00001, P < 0.001, 
P < 0.00001), AB6 (P < 0.05, P < 0.001, P < 0.00001), and 
heparin (P < 0.01, P < 0.001, P < 0.00001) (Fig. 3B–D), sug-
gesting that all peptides inhibited cell attachment to some 
extent, and AB2, AB6, and heparin inhibited cell attachment 
more significantly. Note that the 3 P values in parentheses cor-
respond to LS8, ALC, and NIH3T3, respectively.

Many molecules can mediate attachment of cells in a non-
physiological manner. In contrast, only a very few molecules are 
able to mediate spreading, and spreading assays are more sensitive 
to inhibitors (Humphries 2001). For this reason, cell-spreading 

Figure 1.  Ameloblastin (Ambn) colocalizes with cell membrane in vivo. (A1–A3) Confocal images of secretory-stage ameloblasts in a mouse 
mandibular incisor (P8). (A4) Colocalization between Ambn and cell membrane highlighted in white. (B1–B3) Confocal images of transition-stage 
ameloblasts in a mouse mandibular incisor (P8). (B4) Colocalization between Ambn and cell membrane highlighted in white. Am, ameloblast; En, 
enamel; Tp, Tomes’ processes. Blue: DAPI-stained nucleus. Green: Ambn immunostained with anti-Ambn primary antibody M-300 and anti-rabbit 
secondary antibody conjugated with Alexa 488. Red: 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine perchlorate (DiD)–stained membrane.
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assays were conducted to confirm whether the peptides and hep-
arin are directly involved in the cell adhesion process. The 
results showed that the percentage of LS8 cells with spread mor-
phology decreased from 78.8% ± 5.5% to 2.2% ± 1.9%, 5.2% ± 
3.6%, and 11.0% ± 3.8% in the presence of AB2, AB6, and hep-
arin, respectively, but did not decrease to a similar extent in the 

presence of other peptides (Fig. 3E). The percentage of ALCs 
with spread morphology decreased from 76.1% ± 4.3% to 23.6% 
± 6.8% in the presence of AB2, while the percentages did not 
decrease to a similar extent in the presence of other peptides or 
even heparin (Fig. 3F). A significant inhibitory effect of AB2 
was also found with NIH3T3 fibroblasts and TCMK-1 mouse 

Figure 2.  Ameloblastin (Ambn) adheres to LS8, ameloblast lineage cell (ALC), and NIH3T3 cells. (A–C) Confocal images of LS8, ALC, and NIH3T3 
cells incubated with 5 µM Ambn–fluorescein isothiocyanate (FITC). The brightness of red was increased for better visibility of the pseudopodia. (D) 
Confocal images of ALCs incubated with 5 µM transferrin-FITC as positive control. Yellow color in D3 indicates co-localization of green (transferrin) 
and red (cell membrane). (E, F) Confocal images of ALCs incubated with 5 µM lysozyme-FITC or Amel-FITC. (G) Maximum intensity projection of the 
z-stack confocal images of ALCs incubated with 5 µM Ambn-FITC (see Appendix Video 1). Red: DiD-stained membrane. Green: FITC-labeled proteins. 
Blue: DAPI-stained nucleus.
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kidney epithelial cells (Fig. 3G and Appendix Fig. 5). 
Remarkably, AB2 inhibited ALC cell spreading more effectively 
than heparin (Fig. 3H). Confocal images showed that AB2 
(green) presented on the ALC cell surface (Fig. 3I and Appendix 

Video 2). These results, together with the observation that AB2 
inhibits cell attachment, strongly suggested that, in addition to 
the heparin-binding VTKG motif, a domain within the AB2 
sequence is involved in Ambn-cell adhesion.

Figure 3.  Ameloblastin (Ambn)–derived peptides and heparin inhibit Ambn-cell adhesion. (A) Schematic drawing of peptides (AB1, AB2, AB4, 
AB5, and AB6) derived from wild-type (WT) mouse Ambn. F-motif indicates that peptide AB5 contains the reported fibronectin-binding motif 
(VPIMDFADPQF). H-motif indicates that peptide AB6 contains one of the reported heparin-binding motifs (VTKG). (B–D) Inhibition of LS8, 
ameloblast lineage cell (ALC), and NIH3T3 cell attachment on a 5-µg/mL Ambn-coated plate by 10 µg/mL Ambn-derived peptides or heparin. (E–G) 
Inhibition of LS8, ALC, and NIH3T3 cell spreading on a 5-µg/mL Ambn-coated plate by 10 µg/mL Ambn-derived peptides or heparin. (H) Inhibition of 
ALC cell spreading on a 5-µg/mL Ambn-coated plate by different concentrations of AB1 (negative control), AB2, and heparin. (I) Maximum intensity 
projection of the z-stack confocal images of ALCs incubated with 20 µM AB2–fluorescein isothiocyanate (FITC). Red: DiD-stained membrane. Green: 
FITC-labeled AB2. Statistical analysis was conducted with 1-way analysis of variance with 3 technical replicates. n.s., not significant. *P < 0.05. **P < 0.01. 
***P < 0.001. ****P < 0.0001.
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Removal of Ambn Exon 5 and 6 
Sequences Affects Ambn-Cell Adhesion

To confirm whether the sequence encoded by 
exon 5 (AB2) is involved in Ambn-cell interac-
tions, AmbnΔ5 and AmbnΔ6 (Fig. 4A) were 
tested as competitors in the cell attachment and 
spreading assays. Cell attachment assay showed 
that the relative percentages of attached LS8, 
ALC, and NIH3T3 cells were 21.9% ± 3.1%, 
5.4% ± 1.9%, and 0.6% ± 0.3%, respectively, in 
the presence of Ambn and 29.6% ± 3.7%, 0.5% ± 
0.3%, and 0.4% ± 0.4%, respectively, in the pres-
ence of AmbnΔ6 (Fig. 4B–D), suggesting that 
both Ambn and AmbnΔ6 inhibited the cell attach-
ment. In contrast, in the presence of AmbnΔ5, the 
relative percentages of attached LS8, ALC, and 
NIH3T3 cells were higher (36.4% ± 7.2%, 41.2% 
± 15.8%, and 11.0% ± 2.8%, respectively). 
Notably, because of the lack of the binding 
domain, AmbnΔ5 did not inhibit the attachment of 
the 3 cell lines on Ambn-coated plates as effec-
tively as Ambn or AmbnΔ6.

Cell-spreading assay showed that the percent-
ages of LS8, ALC, and NIH3T3 cells with spread 
morphology were 16.7% ± 9.0%, 65.0% ± 1.5%, 
and 21.7% ± 1.9%, respectively, when treated 
with Ambn and 14.0% ± 1.3%, 54.9% ± 4.1%, 
and 6.8% ± 1.7%, respectively, with AmbnΔ6. 
The percentages were lower than PBS control, 
suggesting that Ambn and Ambn Δ6 inhibited 
the cell spreading. In contrast, the percentages 
were higher (49.1% ± 8.6%, 72.1% ± 3.4%, and 
52.7% ± 9.2%, respectively) with AmbnΔ5 (Fig. 
4E–G). AmbnΔ5 did not inhibit cell spreading on 
Ambn-coated plates as effectively as Ambn or 
AmbnΔ6.

Confocal images of ALCs with FITC-labeled 
proteins further showed that the deletion of exon 5 
or exon 6 sequences significantly altered the pat-
tern of Ambn-cell adhesion (Fig. 4F–H). These 3 
independent experiments suggested that the 
sequence encoded by exon 5 (AB2) is involved in 
Ambn-cell adhesion.

Ambn Adheres to Cells via the Highly 
Conserved AH-Forming Motif

Recently, we showed that the N-terminal of the sequence 
encoded by exon 5 of Ambn exhibits a highly conserved 
AH-forming motif (N-terminal 18 amino acids of AB2 used in 
this study) (Su, Kegulian, et al. 2019). A comparative analysis 
of the human, mouse, and pig amino acid sequences of Amel, 
Enam, and Ambn in the present study showed that only Ambn 
has potential AH motifs in different isoforms of the protein and 
across the 3 species (Appendix Tables 2 and 3).

To confirm the role of the Ambn-cell adhesion motif, 2 
AB2-derived peptides and 2 Ambn variants were designed 
(Fig. 5A and Appendix Table 1). Cell-spreading assays with 
LS8, ALC, NIH3T3, and TMCK-1 cells showed that AB2N, 
representing the AH motif at the N-terminus of AB2, exhibited 
similar cell-spreading percentages to those of AB2, while 
AB2C, representing the C-terminus of AB2, did not (Fig. 5B–
D and Appendix Fig. 5). AmbnΔ5N without the AH motif and 
AmbnR69D/K74D with a disrupted AH motif exhibited higher 
cell-spreading ratios in comparison to that of full-length Ambn, 

Figure 4.  Deletion of ameloblastin (Ambn) exon 5 or 6 sequences affects Ambn-cell 
adhesion. (A) Schematic drawing of Ambn variants (AmbnΔ5 and AmbnΔ6) derived 
from wild-type (WT) mouse Ambn. (B–D) Inhibition of LS8, ameloblast lineage cell 
(ALC), and NIH3T3 cell attachment on a 5-µg/mL Ambn-coated plate by 10 µg/mL 
Ambn, AmbnΔ5, and AmbnΔ6. (E–G) Inhibition of LS8, ALC, and NIH3T3 cell spreading 
on a 5-µg/mL Ambn-coated plate by 10 µg/mL Ambn, AmbnΔ5, and AmbnΔ6. (H–J) 
Confocal images of ALCs incubated with 5 µM Ambn–fluorescein isothiocyanate (FITC), 
AmbnΔ5-FITC, or AmbnΔ6-FITC. Red: DiD-stained membrane. Green: FITC-labeled 
Ambn or variants. Statistical analysis was conducted with 1-way analysis of variance with 
3 technical replicates. n.s., not significant. *P < 0.05. **P < 0.01.  
***P < 0.001. ****P < 0.0001.
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suggesting their weaker inhibitory effects. Confocal images of 
ALCs with FITC-labeled proteins showed that without the AH 
motif (AmbnΔ5N) or with an inactive AH motif (AmbnR69D/

K74D), Ambn-cell adhesion was more diffuse (Appendix Fig. 
6). Therefore, we confirmed that AB2N, the AH motif at the 
N-terminus of AB2, plays a role in Ambn-cell adhesion.

Figure 5.  The amphipathic helix-forming motif is vital for the adhesion of ameloblastin (Ambn) to cells and large unilamellar vesicles (LUVs). 
(A) Schematic drawing of Ambn variants (AmbnΔ5N and AmbnR69D/K74D) disrupting amphipathic helix-forming motif. (B–D) Inhibition of LS8, 
ameloblast lineage cell (ALC), or NIH3T3 cell spreading on a 5-µg/mL Ambn-coated plate by 10 µg/mL AB2N, AB2C, AmbnΔ5N, or AmbnR69D/
K74D. (E) Membrane leakage of 300 µM LUVs in the presence of 1 µM Ambn, AmbnΔ5N, or R69D/K74D and bovine serum albumin (BSA) as negative 
control. (F–H) Normalized Trp fluorescence spectra of 2.0 µM Ambn, AmbnΔ5N, or R69D/K74D with 300 µM LUVs. (I–K) Circular dichroism (CD) 
spectra of 2.0 µM Ambn, AmbnΔ5N, or R69D/K74D with 300 µM LUVs. All spectra are representative of at least 3 replicates. Statistical analysis was 
conducted by 1-way analysis of variance test with 3 technical replicates. *P < 0.05. ***P < 0.001. ****P < 0.0001.
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Ambn Adheres to LUVs via the Highly  
Conserved AH-Forming Motif

Ambn-LUVs interaction mimics the Ambn-membrane interac-
tion and eliminates the potential interference of fibronectin- 
and/or heparin-binding motifs found on ameloblast-like cells. 
Membrane leakage assays showed that the 8-aminonaphtha-
lene-1,3,6-trisulfonic acid (ANTS) fluorescence intensity 
increased when Ambn was added to the LUVs, whereas there 
was no increase in the presence of AmbnΔ5N, AmbnR69D/
K74D, or bovine serum albumin (BSA; negative control) (Fig. 
5E), implying that Ambn cannot disrupt LUVs without an 
active AH motif.

Intrinsic fluorescence spectra of AmbnΔ5N and Ambn- 
R69D/K74D in the presence of LUVs did not exhibit any blue 
or red shift, indicating a lack of tertiary structural changes with 
LUVs. In contrast, Ambn had a significant blue shift in the 
presence LUVs, indicating a strong tertiary structural change 
with LUVs (Fig. 5F–H). Circular dichroism (CD) spectra of 
AmbnΔ5N and AmbnR69D/K74D had no significant changes 
in the presence of LUVs. In contrast, Ambn had deeper and 
more pronounced peaks at 222 nm in the presence of LUVs, 
indicating a coil-helix transition, which is a typical behavior of 
AH motifs (Fig. 5I–K). These results suggested that AH motif 
is vital for Ambn-LUV interaction.

Discussion
Despite extensive studies over the past few decades, specific 
receptors that recognize EECM proteins have not yet been 
fully identified on ameloblast cells. We have recently identi-
fied a membrane-binding motif within Ambn that has the 
potential to form an amphipathic α-helix (AH) when binding 
to lipid bilayers (Su, Kegulian, et al. 2019). We located this 
motif within a sequence encoded by exon 5 of Ambn 
(69RLGFGKALNSLWLHGLLP86). An amphipathic α-helix is 
defined as a helix with polar and nonpolar residues on opposite 
sides along its long axis. It is a common motif encountered in 
various proteins and peptides, and it can act as a membrane 
anchor, deform lipid membranes, or recognize membrane cur-
vature (Drin and Antonny 2010; Bornholdt et al. 2013).

Here, we showed that the evolutionarily conserved AH 
motif is vital for the adhesion of Ambn to ameloblast-like LS8 
and ALC cells, TCMK-1 kidney epithelial cells, and NIH3T3 
fibroblasts. We specifically showed that AB2 and AB2N, the 
sequence encoded by exon 5 of Ambn and the AH motif, inhib-
ited LS8, ALC, NIH3T3, and TCMK-1 cells’ adhesion to 
Ambn-coated plates. AmbnΔ5, AmbnΔ5N, and AmbnR69D/
K74D, which lack the active AH motif, did not inhibit cells’ 
adhesion to Ambn-coated plates as effectively as wild-type 
Ambn or AmbnΔ6. The Ambn variants also lost their ability to 
effectively bind to cell membranes and LUVs.

The reported integrin-binding (Cerny et al. 1996), heparin-
binding (Sonoda et al. 2009), and fibronectin-binding (Beyeler 
et al. 2010) motifs present in Ambn, together with our present 
data, suggest that Ambn-cell adhesion in vivo might be the 

result of a cooperative function of the AH motif and other 
receptor-binding motifs. Interestingly, in all cells studied, par-
ticularly the ALC and TCMK-1 epithelial cells, the effect of 
AB2 (AH motif) was found to be much stronger in inhibiting 
cell adhesion when compared to the effect of heparin. We note 
that amelogenin, enamelin, and amelotin do not contain such 
AH motifs in their sequences, supporting the notion that Ambn 
has a unique role in cell-matrix adhesion (Fukumoto et al. 
2004).

Consistent with our in vitro data, in mutant mouse models 
in which exons 5 and 6 of Ambn are deleted, ameloblasts 
detach from the ECM and enamel formation is severely dis-
turbed (Fukumoto et al. 2004). In another mouse model with 3 
mutations in the N-terminus of exon 5 (Y/F-x-x-Y/L/F-x-Y/F 
motif), enamel appears with disordered hydroxyapatite crystal-
lites (Wald et al. 2017).

Like Amel, another intrinsically disordered protein, Ambn 
has the tendency to self-assemble and the potential to interact 
with many other targets, including cell membrane, other enamel 
proteins, and minerals (Murakami et al. 1997; Mazumder et al. 
2014; Su et al. 2016). Ambn may tether enamel matrix to the 
cell surfaces of ameloblasts through its interaction and coas-
sembly with Amel. Ambn interacts with Amel via its N-terminal 
sequence in vitro (Ravindranath et al. 2004; Su et al. 2016; 
Wald et al. 2017) and coassembles with Amel in the matrix 
during the secretory stage of enamel formation, when nucle-
ation of enamel crystallites occurs (Mazumder et al. 2014; 
Mazumder et al. 2016). Ambn and Amel are processed simul-
taneously in the Golgi complex and cosecreted by the secretory 
granules in Tomes’ processes (Zalzal et al. 2008), implying that 
the interaction between Ambn and Amel may occur before 
secretion. This notion is supported by previous in vivo studies 
of Amel X−/−/Ambn−/− double-knockout mice that showed addi-
tional enamel defects beyond those of Amel X−/− or Ambn−/− 
mice (Hatakeyama et al. 2009).

The AH motif may also be involved in Ambn protein assem-
bly and therefore serve a dual function. Indeed, these 2 func-
tions may be related, since self-assembly may be a prerequisite 
for Ambn-lipid interaction. As reported recently, triple muta-
tions in the N-terminus of exon 5 affect the self-assembly of 
Ambn and result in abnormal enamel (Wald et al. 2017). Ambn 
has proline-rich regions located in the C-terminus of the 
sequence encoded by exon 5 and in the sequence encoded by 
exon 6 (Delsuc et al. 2015). We found that when the sequence 
encoded by exon 6 was deleted, the pattern of Ambn-cell adhe-
sion was altered. This may be because the proline-rich region, 
which may be involved in protein assembly (Wald et al. 2013), 
was disrupted, interrupting Ambn self-assembly. This is con-
sistent with a recent report that deletion of human AMBN exon 
6 is associated with amelogenesis imperfecta (Poulter et al. 
2014).

Observations in different knockout animal models have 
provided evidence that Ambn may be associated with Tomes’ 
process formation (Wazen et al. 2009; Bartlett et al. 2011; 
Zhang, Zhang, et al. 2011). One proposed mechanism was 
based on the report that Ambn upregulates the expression level 
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of RhoA (Zhang, Zhang, et al. 2011), which in turn regulates 
the polymerization of actin to produce pseudopodium-like 
Tomes’ processes (Nobes and Hall 1995). Interestingly, when 
exon 5 and exon 6 of Ambn are deleted in mice, Tomes’ pro-
cesses do not develop (Wazen et al. 2009). In light of our pres-
ent in vitro and cell culture data and these previous reports, we 
propose that during the early stages of enamel formation, 
Ambn is likely to bind to the cell membrane via the AH motif 
encoded by exon 5 and might be involved in regulation of the 
Tomes’ processes. Whether Ambn interacts with the cell mem-
brane directly or via specific receptors is not known and is the 
subject of further investigation.
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