
Citation: Kegulian, N.C.; Langen, R.;

Moradian-Oldak, J. The Dynamic

Interactions of a Multitargeting

Domain in Ameloblastin Protein with

Amelogenin and Membrane. Int. J.

Mol. Sci. 2023, 24, 3484. https://

doi.org/10.3390/ijms24043484

Academic Editor: Jiri Vondrasek

Received: 23 December 2022

Revised: 28 January 2023

Accepted: 6 February 2023

Published: 9 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

The Dynamic Interactions of a Multitargeting Domain in
Ameloblastin Protein with Amelogenin and Membrane
Natalie C. Kegulian 1, Ralf Langen 2 and Janet Moradian-Oldak 1,*

1 Center for Craniofacial Molecular Biology, Department of Biomedical Sciences, Herman Ostrow School of
Dentistry, University of Southern California, Los Angeles, CA 90033, USA

2 Department of Neuroscience and Physiology, Department of Biochemistry and Molecular Medicine,
Zilkha Neurogenetic Institute, Keck School of Medicine, University of Southern California,
Los Angeles, CA 90033, USA

* Correspondence: joldak@usc.edu

Abstract: The enamel matrix protein Ameloblastin (Ambn) has critical physiological functions, includ-
ing regulation of mineral formation, cell differentiation, and cell–matrix adhesion. We investigated
localized structural changes in Ambn during its interactions with its targets. We performed bio-
physical assays and used liposomes as a cell membrane model. The xAB2N and AB2 peptides were
rationally designed to encompass regions of Ambn that contained self-assembly and helix-containing
membrane-binding motifs. Electron paramagnetic resonance (EPR) on spin-labeled peptides showed
localized structural gains in the presence of liposomes, amelogenin (Amel), and Ambn. Vesicle
clearance and leakage assays indicated that peptide–membrane interactions were independent from
peptide self-association. Tryptophan fluorescence and EPR showed competition between Ambn–
Amel and Ambn–membrane interactions. We demonstrate localized structural changes in Ambn
upon interaction with different targets via a multitargeting domain, spanning residues 57 to 90 of
mouse Ambn. Structural changes of Ambn following its interaction with different targets have
relevant implications for the multifunctionality of Ambn in enamel formation.

Keywords: ameloblastin; membrane binding; amelogenin; biomineralization; electron paramagnetic
resonance (EPR); fluorescence spectroscopy

1. Introduction

The process of biomineralization to form enamel, dentin, bone, and other hard bioma-
terials depends upon the coordinated action of extracellular matrix proteins [1,2]. Enamel
matrix protein (EMP) interactions with each other and with ameloblasts, the epithelial
cells that secrete them, are critical for proper tooth enamel formation [3–7]. Mutations in
the genes encoding the major structural proteins in enamel—namely amelogenin (Amel),
ameloblastin (Ambn), enamelin (Enam), and amelotin (Amtn)—are associated with amelo-
genesis imperfecta (AI) [8–11], a hereditary disorder characterized by hypoplastic (thin)
and/or hypomineralized (weak) enamel [12].

Ambn is an intrinsically disordered protein [13] belonging to the secretory calcium-
binding phosphoprotein (SCPP) family [14]. After Amel, it is the second-most abundant
component of structural EMP content [15]. During the secretory stage of amelogenesis,
ameloblasts secrete Amel, Ambn, and Enam into the extracellular matrix space, where these
EMPs guide the formation of enamel rods from the crystallization of hydroxyapatite [16].
EMPs are subsequently digested by proteases and removed, leaving behind hard mature
enamel with >95% mineral content [17,18]. A growing body of evidence suggests that Amel
serves as a template for the correct mineral phase, crystal morphology, and organization
of hydroxyapatite in enamel rods [19–21]. The specific role of Ambn has not been as
widely studied and appears to be multipronged, comprising adhesion [3], signaling [22],
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mineral nucleation [23], and control of prismatic structure, possibly via its interaction with
Amel [6,24].

Recent in vitro and cell culture studies indicated that an evolutionarily conserved
amino acid sequence within the N-terminal region of exon 5 of Ambn interacts with the
cell membrane [7,25]. This sequence forms an amphipathic helix (AH) in the presence
of phospholipid bilayer membrane vesicles in vitro [25] and binds to ameloblast-like cell
plasma membranes [7]. A comprehensive study of Ambn’s secondary structure across
animal species each carrying prismatic, nonprismatic, or no enamel showed that prismatic
enamel formation strongly correlates to this AH-forming sequence and its ability to interact
with membranes [26]. Remarkably, the N-terminal region of Ambn exon 5 also includes
an evolutionarily conserved Y/F-x-x-Y/L/F-x-Y/F motif that mediates self-assembly in
Amel, Ambn, and other intrinsically disordered proteins [27] and could conceivably drive
Amel–Ambn co-assembly. Collectively, studies uncovering Ambn–membrane [7,25,26] and
Amel–Ambn [28–30] interactions support the notion that the N-terminal region of Ambn
exon 5 associates both with membranes and with Amel in addition to being involved in
Ambn self-assembly.

The present study explores Ambn–Amel and Ambn–liposome interactions and the
dynamics between them, providing insight into the simultaneous occurrence of these
interactions and the physiological function of Ambn. We used liposomes as a cell mem-
brane model and, for specific mimicry of the ameloblast membrane, prepared them us-
ing a composition resembling that of the membrane domain involved in epithelial cell-
extracellular matrix adhesion [31]. To elucidate the structures of the membrane-binding
and assembly-mediating regions of Ambn, we used electron paramagnetic resonance (EPR)
with site-directed spin-labeling (SDSL) combined with circular dichroism (CD), fluores-
cence spectroscopy, membrane leakage assays, and optical absorbance spectroscopy. Our
experiments utilized a series of synthetic peptides derived from the regions of Ambn
encoded by exons 3, 4, and 5. Splitting the Ambn regions of interest into these peptides
prevented aggregation and allowed us to focus on the local structural changes in these
residues upon interactions. We detected conformational changes at specific Ambn sites
during interactions by using a combination of spectroscopic methods. These techniques
included EPR with SDSL, an excellent technique for filling knowledge gaps regarding local
structures within proteins of varying levels of structural order [32–36]. Techniques such as
CD only detect global conformational changes. The EPR technique is advantageous because
it does not require high concentrations [37], immobilization [38], or freezing of samples [39].
EPR has been used extensively on other proteins to interrogate protein–membrane [40,41],
protein–protein [42,43], and protein–co-solute [44] interactions at a site-specific resolution.
While overall Ambn structure has been investigated previously [25,45,46], this is the first
time that localized structure at an Ambn domain has been identified in the presence of
multiple targets.

2. Results
2.1. Characterization of Spin-Labeled Ambn Peptides

We employed a variety of complementary biophysical techniques (EPR, CD, fluores-
cence, optical absorbance) to identify any conformational changes occurring in Ambn-
derived peptides AB2 and xAB2N (Table S1) during their interactions with different targets.
First, we evaluated the overall secondary structures of the spin-labeled peptides in the
presence and absence of epithelial cell membrane composition-mimicking liposomes, to
be hereby referred to as large unilamellar vesicles (LUVs), using CD. AB2—spin-labeled
at positions 5, 10, 12, 19, 24, and 35 (to be referred to as AB2-5R1, AB2-10R1, and so
forth)—was evaluated. These CD measurements (Figure S1A–F) were taken to ascertain
that the secondary structures of these spin-labeled AB2 cysteine mutants in the presence
and absence of LUVs did not deviate from the structures of wild-type AB2 [25]. The coil–
helix transition previously measured in detail via CD on AB2 and full-length Ambn [25]
was observed in each spin-labeled mutant. The small peak of each spectrum from peptide
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alone at 208 nm and the accompanying shoulder at 222 nm became more pronounced
minima upon the addition of LUVs (Figure S1, blue traces), a profile typical of increased
α-helical content. Spectra overall appeared redshifted in the presence of LUVs compared
to spectra in their absence (Figure S1, black traces), supporting a coil-helix transition. We
measured the CD spectra of xAB2N, as well as of its spin-labeled variants xAB2N-7R1,
xAB2N-15R1, and xAB2N-18R1. All four peptides showed an increase in α-helical content
in the presence of LUVs as signified by the more pronounced downward peaks at 208
and 222 nm (Figure S1G–J), which matched the changes previously observed in AB2 upon
interaction with membranes.

2.2. EPR Revealed That Ambn Peptides Gain Secondary Structure upon Interaction with Liposomes

The EPR spectra of spin-labeled AB2 and xAB2N showed localized structural changes
in the N-terminal region of AB2 and throughout xAB2N in the presence of membranes.
Eight of the nine peptides examined in EPR—namely xAB2N-7R1, xAB2N-15R1, xAB2N-
18R1, AB2-5R1, AB2-10R1, AB2-12R1, AB2-19R1, and AB2-24R1—showed a dose-dependent
broadening of spectral lines upon addition of LUVs (Figure 1A–H), which indicates an
increase in secondary structure. In contrast, AB2-35R1, which—like all other labeled
peptides—formed an α-helix detected by CD in the presence of LUVs (Figure S1F), showed
no spectral broadening in EPR, even at the highest lipid concentration (Figure 1I).
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Figure 1. Representative EPR spectra of 15 µM peptide with LUVs at indicated peptide-to-
phospholipid molar ratios. All EPR spectra, in this and subsequent figures, are renormalized to the
same amplitude. xAB2N spin-labeled at positions (A) 7, (B) 15, and (C) 18 and AB2 spin-labeled at
positions (D) 5, (E) 10, (F) 12, (G) 19, (H) 24, and (I) 35.
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We analyzed this spectral broadening for each EPR spectrum by measuring its central
linewidth (LW), which is the distance in Gauss (G.) between the centers of the highest
and lowest peaks, and by plotting the inverse central linewidths (1/LW) as measures of
mobility (Figure 2A). The differences between inverse central LWs of spectra generated
from spin-labeled peptides with and without LUVs were consistently between 0.17 and
0.35 G.−1 for AB2 labeled at positions 5, 10, 12, 19, and 24 and xAB2N labeled at positions
7, 15, and 18 (Figure 2A, blue trace). In contrast, the difference between inverse central LWs
of AB2-35R1 with and without LUVs was 0. A similar pattern was observed using the full
width at half maximum (FWHM) method (Figure 2B). The sequences of the peptides are
shown in Figure 2C, with the labeled residues aligned with the charts in Figure 2A,B.
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Figure 2. Changes in (A) inverse central linewidth (1/LW) and (B) inverse full width at half maximum
(1/FWHM) in EPR spectra of 15 µM spin-labeled AB2 or xAB2N between spectra without and with
3 mM LUVs or 75 µM rP172-W0. Error bars represent standard errors of the mean (n = 3). Peptides
with amino acids that were singly mutated to cysteine and spin-labeled are shown underneath in
(C), with each labeled residue aligned with its position on the graph. Residue numbers correspond
to xAB2N and AB2 peptide sequences; residues 1–36 of xAB2N corresponds to residues 51–86 of
mouse Ambn, and residues 1–37 of AB2 correspond to residues 67–103 of mouse Ambn. Residues
3–20 of AB2, designating the amino acids previously predicted to form an AH upon interaction with
membrane (25), are in red font.

2.3. EPR Revealed That Ambn Peptides Gain Tertiary/Quaternary Contacts upon Interaction with
Full-Length Amel

The Amel–Ambn co-assembly domain (YSRLGF) identified previously [28] appears at
the N-terminal end of AB2 and in the middle of xAB2N. Thus, we investigated whether
a similar alteration in local structure as that observed in response to LUVs occurred in
Ambn-derived peptides due to interaction with Amel. Upon titration of spin-labeled
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xAB2N and AB2 with tryptophan-free recombinant porcine Amel (rP172-W0) (Table S1), we
observed spectral broadening at all labeled sites (Figure 3A–I), even AB2-35R1 (Figure 3I).
This finding signifies a change in local structure throughout xAB2N and AB2 in response
to Amel. In addition, most spectra measured in the presence of rP172-W0 showed an
immobile spectral component (bump designated by black arrows in Figure 3). The strong
immobilization associated with this peak is characteristic of the residue in each case being
a tertiary or quaternary contact site. The differences between inverse central LWs of spectra
generated with and without Amel were consistently between 0.16 and 0.35 G.−1 for all
residues (Figure 2A, red trace), similar to the changes observed between spectra in the
absence and in the presence of LUVs. The differences between inverse FWHMs of EPR
absorbance spectra generated with and without Amel were also similar to those generated
with and without LUVs (Figure 2B). However, the immobilization of xAB2N and AB2 is
much greater in the presence of Amel than of LUVs. This is based on the spectra measured
after LUV addition, which lack the immobile spectral component, or bump, present in
spectra measured after Amel addition. Titration of spin-labeled xAB2N or AB2 with bovine
serum albumin (BSA), used as a negative control, did not result in a broadening of peaks
in EPR (Figure S2A–I), indicating that the change in local conformations of xAB2N and
AB2 in the presence of Amel was specifically caused by Amel and not by nonspecific
protein–peptide interactions.
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Figure 3. Representative EPR spectra of 15 µM peptide with rP172-W0 at indicated peptide-to-protein
molar ratios. Arrows denote immobile spectral components. xAB2N spin-labeled at positions (A) 7,
(B) 15, and (C) 18 and AB2 spin-labeled at positions (D) 5, (E) 10, (F) 12, (G) 19, (H) 24, and (I) 35.

2.4. EPR Revealed That Ambn Peptides Gain Structural Order upon Interaction with
Full-Length Ambn

The YSRLGF sequence in AB2 and xAB2N peptides that mediates Amel–Ambn co-
assembly is also the Y/F-x-x-Y/L/F-x-Y/F self-assembly domain previously identified in
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Ambn [27,28]. To assess whether a similar alteration in local structure as that observed in
response to LUVs and Amel occurs due to self-interaction, we added full-length Ambn to
spin-labeled xAB2N and AB2. We observed a broadening of peaks in all labeled residues
of both AB2 and xAB2N (Figure 4A–I) that was especially noticeable for xAB2N-7R1,
which is close to the Ambn self-assembly motif. Therefore, EPR indicated that the addition
of full-length Ambn induces local structural changes throughout the residues in Ambn
encoded by exon 5 and more drastic changes in residues N-terminal to those residues. To
evaluate the structural effect of self-interaction under conditions closer to the high Ambn
concentrations in vivo, we titrated spin-labeled xAB2N and AB2 with unlabeled AB2 but
found only minor spectral change, most noticeably for xAB2N-7R1 (Figure S3A–I).
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Figure 4. Representative EPR spectra of 15 µM peptide with and without 0.3 mg/mL unlabeled full-
length Ambn. xAB2N spin-labeled at positions (A) 7, (B) 15, and (C) 18 and 15 µM AB2 spin-labeled
at positions (D) 5, (E) 10, (F) 12, (G) 19, (H) 24, and (I) 35.

2.5. Experimental Scenarios to Examine Simultaneous Ambn Peptide Interactions with Its Targets

To examine the dynamics of interactions between three different components—Ambn
peptides, LUVs, and either additional Ambn peptide or Amel—we used intrinsic trypto-
phan fluorescence spectroscopy. We measured changes in the spectra of AB2, AB2-W14Y,
AB2N, and xAB2N peptides in the presence or absence of LUVs, of tryptophan-free AB2
peptide (AB3), and/or of rP172-W0. We provide a scheme (Figure 5) describing our experi-
ments combining tryptophan-containing peptide, LUVs, and rP172-W0 or AB3. Intrinsic
tryptophan fluorescence was measured for AB2, AB2N, xAB2N, or AB2-W14Y in buffer
alone (I). For Scenarios A and C, LUVs were subsequently added, and the fluorescence was
measured again (II). For Scenario B, AB3 was added instead at step (II); for Scenario D,
rP172-W0 was added. Finally, the third component was added, and a third measurement
was taken (III). This third component was AB3 for Scenario A, LUVs for Scenarios B and D,
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and rP172-W0 for Scenario C. These three-way systems tested whether AB2 and related
peptides could interact with both membranes and proteins simultaneously or competitively.
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Figure 5. Schematic representation for three-component systems used in tryptophan fluorescence
measurements in and EPR experiments in. First, AB2, AB2N, xAB2N, or AB2N-W14Y was measured
in the absence of another component (I). In Scenario A, LUVs were subsequently added, and fluo-
rescence spectra were measured again (II). Then, AB3, which does not contain tryptophan residues,
was added to the mixture, and a third measurement was made (III). In Scenario B, AB3 was added
to the tryptophan-containing peptide first (II), followed by LUVs (III). Scenarios C and D are the
counterparts to Scenarios A and B, respectively, with rP172-W0, or non-tryptophan-containing Amel,
added in place of AB3.

2.6. Fluorescence Spectroscopy Showed Concomitant Ambn Self-Association and Ambn–Membrane
Interaction

To compare AB2–membrane and AB2–AB2 interactions, we conducted fluorescence
spectroscopy experiments exploiting the intrinsic fluorescence of the two tryptophan
residues in Ambn exon 5 (underlined in Table S1). When LUVs were added at a 1:30 peptide-
to-lipid molar ratio, there was a decrease in the wavelength at which AB2 tryptophan
fluorescence emission peaked (Figure 6A,C). This blueshift is in step with previous AB2–
LUV interaction data [25] and indicates a movement of tryptophan residues into a more
hydrophobic microenvironment [47]. To determine whether adding more AB2 affects
the extent of this interaction by increasing peptide–peptide interactions, we added the
tryptophan-free peptide AB3 at a 1:30:5 AB2-to-lipid-to-AB3 molar ratio. We detected a
trend toward a redshift in emission peak (Figure 6A,C), which indicates a more hydrophilic
microenvironment surrounding the tryptophan residues, which agrees with the behavior of
tryptophan residues in Amel upon interaction with AB3 [30]. However, unlike the shift that
occurred in response to the addition of LUV, this trend toward a redshift upon the addition
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of AB3 was not statistically significant. We also tested AB2–AB3 interactions by adding
AB3 to AB2 in the absence of LUVs at a 1:5 AB2-to-AB3 ratio (Figure 6B,D). We again
observed a trend toward a redshift that was not statistically significant. We subsequently
added LUVs at the ratio used previously and detected a significant blueshift (Figure 6B,D)
similar to the one observed in the absence of AB3. Repeating this experiment using a
shorter peptide comprising only the first 20 amino acids of AB2 (AB2N; Figure 6E,F; spectra
shown in Figure S4A,B) or full-length AB2 lacking the tryptophan residue in the N-terminal
region (AB2-W14Y; Figure 6G,H; spectra shown in Figure S4C,D) yielded similar results.
However, there was no trend of a shift in the tryptophan fluorescence peak when AB3
was added to AB2-W14Y, a result that accorded with the placement of the self-assembly
domain at the N-terminal end of AB2 [27]. Repeating the experiment using xAB2N showed
the same trends as with AB2 and AB2N (Figure 6I,J; spectra shown in Figure S4E,F), but
there was no statistical significance in any direction except for a redshift upon addition of
AB3 in the absence of LUVs, which was not recapitulated in their presence. This lack of
consistent shifts in xAB2N tryptophan fluorescence might indicate either the preformation
of xAB2N aggregates or the shielding of this peptide’s lone tryptophan residue by the
N-terminal amino acids not present in the other peptides. Since AB2-W14Y is a variant not
used in previous studies, its CD was measured in both the absence and the presence of
LUVs (Figure S4G) to verify that its conformational behavior matches that established for
AB2 [25].

2.7. AB2–Membrane Interactions Are Independent of AB2 Self-Association

We next inquired into whether AB2 self-association facilitates AB2–membrane interac-
tion. A protein or peptide binding a membrane is in some cases aided by an oligomerization
mechanism stabilizing formation of a protein pore on the membrane [48]. Such a mecha-
nism could entail AB2 oligomer formation, aggregation, or simply proximity of some AB2
monomers to others already bound to the membrane leading to greater ease in binding of
more AB2 monomers. We used LUV leakage and multilamellar vesicle (MLV) clearance
assays (representative measurements shown in Figure 7A,B) to quantify AB2–membrane
interaction at different concentrations of AB2. The relationship between membrane in-
teraction, quantified as either leakage or clearance, and the AB2-to-phospholipid ratio
resembled a root function for leakage and a linear function for clearance (Figure 7C) and
not an exponential function, as a cooperative mechanism would entail [49]. Specifically,
plotting the intensity of leakage versus AB2-to-lipid ratio (Figure 7C, light blue trace)
yielded a curve that reached saturation at 10 µM AB2. Leakage, unlike clearance, does not
require membrane disintegration and thus can occur and reach saturation at lower con-
centrations of peptide. Accordingly, plotting the intensity of clearance versus AB2-to-lipid
ratio (Figure 7C, blue trace) did not reach saturation within the range of AB2 concentrations
tested. The clearance curve also did not point to a threshold AB2 concentration above
which clearance increased more markedly than below it, and nor did leakage, which merely
reached saturation after which the intensity did not significantly increase. A threshold con-
centration would arise if direct cooperation among AB2 molecules were required for vesicle
clearance or leakage, which would be enabled at a particular concentration of AB2 that
optimizes AB2 self-association [48]. Since no such threshold was found, AB2–membrane
and by extension Ambn–membrane interactions are not dependent on Ambn self-assembly.
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Figure 6. Intrinsic tryptophan fluorescence on Scenarios A and B depicted in. Representative spectra
(A,B) and wavelengths of maximum emission (C,D) from 8 µM AB2 with 240 µM LUVs, then with
40 µM AB3 subsequently added (A,C), and 8 µM AB2 with 40 µM AB3, then with 240 µM LUVs
subsequently added (B,D). Wavelengths of maximum emission from (E) 8 µM AB2N with 240 µM
LUVs, then with 40 µM AB3 subsequently added; (F) 8 µM AB2N with 40 µM AB3, then with
240 µM LUVs subsequently added; (G) 8 µM AB2-W14Y with 240 µM LUVs, then with 40 µM AB3
subsequently added; (H) 8 µM AB2-W14Y with 40 µM AB3, then with 240 µM LUVs subsequently
added; (I) 8 µM xAB2N with 240 µM LUVs, then with 40 µM AB3 subsequently added; and (J) 8 µM
xAB2N with 40 µM AB3, then with 240 µM LUVs subsequently added. Representative spectra for
conditions in (E–J) shown in Figure S4. One-tailed Student’s t-test; n = 3; ** p < 0.01; * p < 0.05; n.s.,
not significant. Error bars represent standard errors of the mean.
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Figure 7. Leakage of 150 µM LUVs (A) and static light scattering of 150 µM MLVs (B) with indicated
concentrations of AB2. (C) MLV clearance, defined as light scattering loss (blue), and LUV leakage
(light blue) at 15 min upon addition of AB2 to vesicles at the indicated peptide-to-phospholipid molar
ratios. Error bars represent standard errors of the mean (n = 3).
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2.8. Ambn has Dynamic Interactions with Amel and Membranes near Its Self-Assembly Region

We have reported that Ambn, AB2, and AB2N peptides interact with epithelial cell-
mimicking membranes and with Amel [25,26,28]. The present study confirms the same for
xAB2N. We therefore investigated whether Amel and phospholipid membranes could bind
Ambn, as represented by AB2 and derivative peptides, simultaneously or one interaction
abrogated the other. To this end, we performed both tryptophan fluorescence and EPR
experiments using the three-component systems in Scenarios C and D (Figure 5). Adding
rP172-W0, which lacks tryptophan (Table S1), to AB2 did not yield a statistically significant
shift in the tryptophan fluorescence peak from AB2 (Figure 8A; spectra shown in Figure
S5A). We therefore combined AB2N, AB2-W14Y, or xAB2N with rP172-W0 and found a
statistically significant blueshift to occur in the peaks generated by AB2N and by xAB2N
(Figure 8B,D; spectra shown in Figure S5B,D) but no significant shift in the peak from
AB2-W14Y (Figure 8C; spectra shown in Figure S5C). Unlike the redshift in response to
addition of AB3 (Figure 6F,J), the blueshifts in AB2N and xAB2N are due to the exposure
of tryptophan to a more hydrophobic environment generated by the largely hydrophobic
composition of residues in Amel, particularly in its central core region [50]. The fluorescence
shifts in AB2N and xAB2N and the lack of florescence shift in AB2-W14Y indicate that AB2
interactions with Amel occur at the N-terminal region of AB2, in agreement with previous
co-immunoprecipitation findings [28].

Since AB2N and xAB2N were the only peptides with a significant change in tryp-
tophan fluorescence peak wavelength in the presence of Amel, we selected them for the
implementation of Scenarios C and D from Figure 5. Adding LUVs to AB2N (Figure 8E;
spectra shown in Figure S5E) or xAB2N (Figure 8G; spectra shown in Figure S5G) combined
with rP172-W0, as in Scenario C, led to an increase in the tryptophan blueshift, but it was
not statistically significant. Similarly, adding rP172-W0 to AB2N (Figure 8F; spectra shown
in Figure S5F) or xAB2N (Figure 8H; spectra shown in Figure S5H) combined with LUVs,
as in Scenario D, led to a continuing trend in the tryptophan blueshift, but also without
statistical significance, suggesting that Amel competes with LUVs in interacting with Ambn.
These results support that AB2N and xAB2N are less available to interact with LUVs while
interacting with Amel as well as less available to interact with Amel while interacting
with LUVs.
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Figure 8. Wavelengths of maximum intrinsic tryptophan fluorescence emission from 8 µM (A) AB2,
(B) AB2N, (C) AB2-W14Y, and (D) xAB2N before and after addition of 40 µM rP172-W0. Wavelengths
of maximum emission from 8 µM AB2N with (E) first 240 µM LUVs added in, then 40 µM rP172-W0,
as in Scenario C in, and with (F) first 40 µM rP172-W0 added in, then 240 µM LUVs, as in Scenario
D in. Wavelengths of maximum emission from 8 µM xAB2N with (G) first 240 µM LUVs added in,
then 40 µM rP172-W0, as in Scenario C in, and with (H) first 40 µM rP172-W0 added in, then 240 µM
LUVs, as in Scenario D in. Representative spectra for each condition shown in Figure S5. One-tailed
Student’s t-test; n = 3; ** p < 0.01; * p < 0.05; n.s., not significant. Error bars represent standard errors
of the mean.

Comparing the magnitude of a tryptophan blueshift in the presence of both LUVs and
Amel to the magnitudes of the shift upon addition of the individual components does not
distinguish clearly between their effects. This is partly because the measurement is one-
dimensional and unidirectional, with the wavelength of the peak decreasing whether the
causative agent is LUVs or Amel. Thus, we performed EPR, whose spectral features contain
components such as the immobile spectral components in Figure 3 that distinguish peptide–
Amel from peptide–LUV interactions. We chose a spin-labeled site, namely xAB2N-15R1,
that had shown strong interactions with both membrane vesicles and Amel and that lies
adjacent to the Ambn self-assembly/co-assembly domain, and we subjected this peptide
to Scenarios C and D. First, adding LUVs to xAB2N-15R1 at a 1:40 peptide-to-single
phospholipid molar ratio resulted in broadening of peaks and a shoulder showing the
intermediate immobilization component expected for membrane binding (Figure 9A, blue
trace, blue arrow). This spectrum remained largely unchanged when Amel was added at
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a 1:1 ratio with xAB2N-15R1 (Figure 9A, red trace), indicating that little protein binding
occurred in the presence of preexisting membrane interaction. When Amel was added
first to this peptide at a 1:1 ratio (Figure 9B, red trace), a much more immobilized spectral
component emerged than was expected for protein contacts (black arrow). Addition of
LUVs at a 1:40 peptide-to-lipid ratio decreased both this highly immobile component
and the residual sharp lines that were caused by peptides that remained unbound after
Amel addition (blue trace). Both of these components gave way to the intermediate
immobilization that is characteristic of peptide–LUV interaction (blue arrow over blue
trace). Thus, the protein contacts appeared to have been broken in order to accommodate
the structure of the membrane-bound state, which, under the present conditions, was
more favorable. Taken together, these results show Ambn–Amel and Ambn–membrane
interactions to be dynamic rather than static and suggest that, when all three are present,
competition occurs between Ambn–Amel and Ambn–membrane interactions.
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Figure 9. (A) EPR spectra of 15 µM xAB2N spin-labeled at position 15 in 10 mM Tris, pH 7.4, 50 mM
NaCl, with 600 µM LUVs, followed by 15 µM rP172-W0, added in, as in Scenario C depicted in.
(B) EPR spectra of 15 µM xAB2N spin-labeled at position 15 in 10 mM Tris, pH 7.4, 50 mM NaCl, with
15 µM rP172-W0, followed by 600 µM LUVs, added in, as in Scenario D depicted in. Black arrows
indicate the immobilized spectral component characteristic of protein contacts; blue arrows indicate
the intermediately immobilized spectral component characteristic of peptide–LUV interaction.

3. Discussion

This study seeks to determine localized structural changes in regions of Ambn known
to interact with multiple targets and to identify dynamics between interactions of Ambn
with Amel and with membranes. We rationally designed peptides AB2 and xAB2N, as
well as unlabeled and spin-labeled variants, to encompass residues encoded by exons 3, 4,
and 5 of Ambn; used LUVs as a membrane model; and performed a variety of biophysical
methods to identify localized changes. EPR revealed localized structural changes in xAB2N
and AB2 upon the addition of LUVs in a dose-dependent manner. Previously, predictive
software suggested a short and weak helix from residues 3 to 20 of AB2 in the presence
of membranes [25], but the start and end points of this helix in the sequence was never
tested in vitro. Here, EPR revealed that an immobilized structure forms in the presence of
LUVs at least from residues 5 to 24 of AB2 (Figure 1D–H) and not at residue 35 (Figure 1I),
a framework that approximately fits the bioinformatics prediction of AH formation from
residues 3 to 20 [25]. Structure formation also occurs in residues N-terminal to those of
AB2, as shown by EPR data on xAB2N with LUVs (Figure 1A–C). CD spectra showed
that this LUV-mediated AB2 and xAB2N structure formation stems at least mainly from
α-helical formation (Figure S1). Therefore, the structure formation observed in N-terminal
residues of xAB2N by EPR could originate from α-helix-forming residues initiating this
conformation via direct membrane interaction, resulting in an N-terminal extension of
the α-helix. Previous work on the AB1 peptide, comprising the amino acids encoded by
Ambn exons 3 and 4 including the 16 N-terminal residues of xAB2N, showed that it does
not form a helix in the presence of LUVs of the same composition and size as those used
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in this study [25], signifying that residues 3 to 20 of AB2 are necessary to initiate α-helix
formation.

While residue 24 of AB2 showed a loss of mobility in the presence of LUVs (Figure 1H),
a continuation of the helix beyond the two proline residues at positions 20 and 21 would be
rather remarkable, as proline residues generally disrupt α-helical structure [51]. However,
a non-α-helical contact with LUVs by residue 24 and surrounding residues of AB2 could
alternatively be present here and cause some of the immobilization observed in EPR at this
site. Moreover, aside from commonly interrupting α-helices [51], proline residues have also
been observed to support α-helical structure in hydrophobic environments [52], leading to
the likelihood that the membrane-bound state of the AB2 α-helix enabled the perpetuation
of the helix past prolines 20 and 21.

Examination of residue immobilization through the labeled peptides AB2 and xAB2N
showed that self-assembly and co-assembly with Amel cause Ambn peptides to gain
structural order at all sites tested. In addition to direct Ambn–Amel and Ambn–Ambn
interactions, Ambn peptides can undergo a change induced by Amel or Ambn that causes
the peptides to fold in on themselves, resulting in intramolecular contacts for one or more
spin-labeled sites. Furthermore, the observed immobilization in response to Amel or Ambn
was most robust in residues within and N-terminal to the self-assembly motif of both
peptides (Figures 3A–D and 4A–D). This corresponds with global participation of the
N-terminal region of Ambn in Ambn–Amel and Ambn–Ambn interactions, while its Y/F-x-
x-Y/L/F-x-Y/F motif is the most immobilized due to its direct mediation of protein–protein
assembly. Also corresponding with this model is our confirmation that only the region
immediately surrounding the Ambn self-assembly motif showed interactions with Amel
(Figure 8A–D), as evidenced by the lack of a fluorescence shift in AB2-W14Y (Figure 8C).
This result was in agreement with previous findings using co-immunoprecipitation [28].

While EPR revealed changes in mobility in AB2 and xAB2N in the presence of full-
length Ambn, it revealed only minor spectral changes in the presence of AB2 peptide
(Figure S3), and AB2 and AB2N similarly did not show statistically significant tryptophan
fluorescence peak shifts in the presence of AB3 (Figure 6). These results showing only
weak interactions between the peptides do not necessarily signify that peptide–peptide
interactions did not take place. Ambn–Ambn interactions at the domain present in AB2
peptide have been shown to occur [27,46], making the occurrence of AB2–AB2 and similar
peptide–peptide interactions plausible. For the EPR results, it should be emphasized that
very small complexes, such as heterodimers of the peptides, tumble rapidly. Such fast
rotational diffusion sharpens the EPR lines of the bound state and could make it difficult to
distinguish between the bound and unbound states.

The non-significant results from tryptophan fluorescence measurements of AB2–AB3
and AB2N–AB3 combinations could be due to these peptide–peptide interactions not
inducing a significantly detectable change in the environment of AB2 tryptophan residues,
as opposed to AB2–LUV and AB2N–LUV interactions (Figure 6A,C,E and elsewhere [25]).
It is also possible that the quenching of tryptophan in AB2 by residues such as lysine,
tyrosine, glutamine, asparagine, glutamic acid, and histidine [53,54] in AB3 could have
flattened the fluorescence peak, leading to a less pronounced redshift than the highly
pronounced blueshifts in the presence of LUVs. Alternatively, Ambn–Ambn interaction at
the self-assembly region could in fact depend upon the presence of Ambn segments other
than those encoded by Ambn exon 5. Those surrounding residues might impart proper
orientation of the interacting motif within exon 5 to optimize Ambn self-assembly. This is
evidenced by the changes in AB2 and xAB2N structure upon addition of full-length Ambn,
as detected using EPR (Figure 4).

Previously, Ambn was found to exist in a range of monomeric and oligomeric forms [55],
with its oligomer formation being dependent on its self-assembly domain encoded by exon
5 [46]. Ambn was also found to localize to ameloblast-like cell membranes via a putative
helix-forming domain encoded within exon 5 [7]. Therefore, it follows that self-interaction
and membrane binding for ameloblast adhesion co-exist in vivo and are both mediated
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by residues within the same region of Ambn. The finding herein that AB2–membrane
interaction is independent of AB2–AB2 interactions or oligomer formation (Figure 7) does
not necessarily imply that AB2 peptide or Ambn is in monomeric form when membrane-
bound but that its membrane interactions rely upon a mechanism independent of its
self-interaction. This mechanism is likely that of forming α-helical insertions into mem-
brane bilayers between phospholipid headgroups. Such a mechanism was previously
observed in other membrane-interacting proteins such as BAR domain-containing proteins
that also insert α-helical wedges [56,57], proteins that form amyloid upon dysfunction
but interact with membranes during their normal functions [49,58,59], and antimicrobial
peptides [60]. Taken together with the discovery of the AH formed by the Ambn exon
5-encoded region in the presence of membranes [7,25], our data suggest that the ability to
form the observed α-helix is the element that allows AB2 to bind membranes. This amphi-
pathic α-helix formation therefore allows Ambn to adhere ameloblasts to the enamel matrix
via direct interaction between Ambn and the ameloblast membrane. Indirect interaction
with ameloblast membranes is an alternative possibility, as previous studies have located
heparin-, integrin-, and fibronectin-binding domains in Ambn [61–63]. However, unlike
the directly membrane-interacting N-terminal residues of the region encoded by exon 5,
those domains are poorly conserved throughout animal and mammalian evolution [25]
and are therefore unlikely to be essential for Ambn function.

Combining Ambn peptide, Amel, and liposomes in one system and performing tryp-
tophan fluorescence and EPR measurements revealed that liposomes and Amel compete
for interaction with Ambn. It must be noted that Amel–membrane interactions may also
come into play, as CD and fluorescence spectroscopy have previously shown Amel to bind
liposomes [64,65]. To measure and compare the binding strengths between Ambn and itself,
Ambn and Amel, and Ambn and membranes directly while accounting for the roles of
Amel–Amel and Amel–membrane interactions, a more energetically quantitative technique
will be needed and is worth undertaking in a future study.

A growing body of evidence supports the proposed role of Ambn as a cell adhesion
protein and the importance of the region encoded by exon 5 to this role [3,26]. Deletion of
Ambn exons 5 and 6 in a mutant mouse model led to the early detachment of ameloblasts
from developing tooth surfaces, leading to defective enamel formation [3,66], underscoring
the likelihood of the conserved region in exon 5 adhering these cells to their matrix. Mem-
bers of a family afflicted with hypoplastic amelogenesis imperfecta were found to carry a
deletion of Ambn exon 6 [67], illuminating the importance of this region adjacent to the
one encoded by exon 5. Adding exogenous Ambn to ameloblast-like cells in 3D culture
led to an increase in their aspect ratio as well as cell clustering, effects that were abrogated
upon deletion of the exon 5-encoded region [68]. Deletion of exon 6 also had a negative
effect on the Ambn-mediated increase in aspect ratio of those cells, albeit not as drastic
an effect as the deletion of exon 5 [68]. Adding exogenous Amel and Ambn together to
ameloblast-like cells led to a smaller increase in aspect ratio than did adding Ambn without
Amel [68]. Thus, Amel and Ambn did not work synergistically to cause ameloblast polar-
ization, nor did Amel cooperate with Ambn in adhering to the cell membrane. Consistent
with our recent observation in 3D cell cultures, the current in vitro study did not show any
enhancement of interactions between Ambn peptides and membrane-mimicking LUVs in
the presence of Amel (Figures 8 and 9).

Amel–Ambn interactions appear to be critical for proper enamel formation, as mu-
tant mice lacking both Amel and Ambn had significantly more hypoplastic enamel than
mice lacking only one of the proteins [69]. Furthermore, Amel and Ambn affect each
other’s expression [70], are co-secreted by a common secretory pathway early on during
amelogenesis [70] and co-localize in Tomes’s process and in forming enamel [71]. N-
terminal fragments of Amel and Ambn also co-localize around enamel rods in maturation
stage [6,24]. In vitro experiments using recombinant proteins and synthesized peptides
showed that the N-terminal region of Amel interacts directly with the region of Ambn
encoded by exon 5 [28,30]. The current findings that show Ambn to interact with mem-
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branes and with Amel at the same region pose the question of whether (i) interactions occur
on the same Ambn molecule at the same time in vivo or (ii) separate portions of Ambn
are allocated to interact with each target. Alternative splicing could be one mechanism
facilitating scenario (ii). Humans, pigs, mice, and rats express two isoforms of Ambn,
one containing and the other lacking fifteen evolutionarily conserved amino acids at the
N-terminal end of the sequence encoded by exon 6 [55,72,73]. It is possible that one isoform
preferentially interacts with one target over the other. Another possibility is that controlled
Ambn secretion by ameloblasts via secretory vesicles [70] could direct it to interact with
one target over the other. By this mechanism, Ambn secreted alone might be driven toward
membrane interaction for cell adhesion and Ambn co-secreted with Amel is destined to its
enamel-building role implemented via co-assembly with Amel [28].

Based upon the dynamics of Ambn–Amel and Ambn–membrane interactions observed
in the current study and the distribution of structural gains detected in xAB2N and AB2
via EPR herein, we propose a mechanism whereby a single molecule of Ambn interacts
with the cell membrane and self-assembles or co-assembles with another Ambn or Amel
molecule, as in scenario (i). These interactions occur via an Ambn multitargeting domain
stretching from mouse ameloblastin residue 57, equivalent to residue 7 of xAB2N, to residue
90, equivalent to residue 24 of AB2 peptide (Table S1). This domain includes the Y/F-x-x-
Y/L/F-x-Y/F assembly motif, which is present in Amel and Ambn [27] and situated from
residues 1 to 6 of AB2 and 17 to 22 of xAB2N. It also includes the membrane-binding AH
motif, which evolutionary analysis has predicted to lie from residues 69 to 86 of mouse
Ambn [25]. Interactions with LUVs in the current study appeared to occur roughly equally
from residue 7 of xAB2N to residue 24 of AB2 under EPR (Figure 1), suggesting that
either the membrane-binding AH motif extends further on both N- and C-terminal sides
of the predicted sequence or that Ambn residues 69 to 86 form an AH while surrounding
residues in the multitargeting domain form intermediate structures due to proximity to the
membrane.

In contrast to EPR spectra measured in the presence of LUVs, EPR spectra upon
addition of Amel or Ambn showed the most robust gains in structure, as well as ter-
tiary/quaternary contacts in the case of Amel, in the self-assembly region of AB2 and
xAB2N and the residues N-terminal to the region (Figures 3 and 4). This difference in
localization could be due to Ambn–Ambn and Ambn–Amel interactions as well as accom-
panying structural changes, occurring mainly within and N-terminal to the assembly motif,
with membrane interactions initiated by the putative amphipathic α-helix-forming region
immediately C-terminal to it. This would enable such a short sequence as amino acids
57 to 90 of mouse Ambn to interact dynamically with membrane and protein partners
(Scheme 1). We propose that the helix-forming region established by evolutionary analy-
sis [25] to comprise residues 3 through 20 of AB2 interacts with ameloblast membranes (I),
while the self-assembly/co-assembly region, as defined by the Y/F-x-x-Y/L/F-x-Y/F motif,
interacts with like motifs on Ambn or Amel (II), resulting in a dynamic balance between
the membrane-bound structure of Ambn and additional folding of Ambn on itself or in
complex with Amel or other Ambn molecules. Amel and a portion of Ambn interacting
with membrane-bound Ambn in turn interact with the mineralizing matrix (III) as they
guide enamel formation [23], or the membrane-bound Ambn could also interact with
the mineralizing matrix at its C-terminal end. The “two-handedness” or multitargeting
ability of membrane-bound Ambn, which allows it to bind cell membranes as well as
enamel-forming proteins and the enamel matrix itself, thereby enables adhesion of the
membrane to the enamel matrix. In this way, Ambn–membrane interaction does not exclude
Ambn–Ambn or Ambn–Amel interaction for each Ambn molecule. Competition between
Ambn–membrane interactions and Ambn–Amel interactions could function as a modulator
of the cell adhesion and polarization functions of Ambn and its enamel-forming function,
where more membrane interactions would upregulate the former and more interactions
with Amel would upregulate the latter.
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Scheme 1. Schematic of proposed mechanism enabling the multitargeting domain of a single Ambn
molecule to interact (I) with the plasma membrane of an ameloblast and (II) with Amel or Ambn
in the enamel-mineralizing matrix simultaneously. This would be equivalent to amino acids 57
to 90 of mouse ameloblastin (residue numbers shown). In (I), the helix-forming region (i) and the
proline-containing domain (ii) bind the membrane while the disordered C-terminal region (iii) coils
away. In (II), the Y/F-x-x-Y/L/F-x-Y/F motif remains in proximity to the membrane while interacting
with an Amel or other Ambn molecule situated in the matrix (III), thus two-handedly tying the cell
membrane to the matrix. Created with BioRender.com (accessed on 20 September 2021).

The AB2 and xAB2N peptides, while not natural products of Ambn cleavage during
enamel formation [74], have proven highly useful in our recent studies as a model pinpoint-
ing the residues encoded within exon 5 that form structural motifs that mediate membrane
interactions and Amel–Ambn co-assembly [7,25,28]. The “two-handedness” in Ambn
enabled by these residues could also permit it to interact with the cell membrane and with
polarization proteins simultaneously. Addition of exogenous Ambn to ameloblast-like cells
also regulated the expression of the cell polarization genes Vangl2, Vangl1, Prickle1, ROCK1,
and ROCK2 [26]. Furthermore, ameloblast-like cells treated with exogenous Ambn showed
asymmetric distribution of the polarization markers E-cadherin, Par3 and Claudin-1 that
was dependent upon the presence of the region encoded by Ambn exon 5 [68]. Thus, Ambn
supportably promotes a signaling cascade leading to ameloblast polarization, and in so
doing it could play a critical role in the formation of Tomes’s processes [26], which are
finger-like extensions of secretory ameloblasts’ cytoplasm at their apical end [75]. In view
of these proposed adhesion and signaling functions, Ambn could be a matricellular protein,
which by definition is a protein that interacts with several functional partners including
matrix proteins and membrane proteins in order to modulate cell functions and cell-matrix
interactions [76]. Many of these interactions appear to be mediated by isolated motifs
localized in the region encoded by Ambn exon 5 as well as the larger multitargeting region
of Ambn.

4. Materials and Methods
4.1. Protein Expression and Purification and Peptide Synthesis

To prepare recombinant porcine Amel with no tryptophan residues (rP172-W25Y/W45Y/
W161Y, to be referred to in the text as rP172-W0), the W25Y mutation was generated using
a Q5 Site-Directed Mutagenesis Kit (New England Biolabs, Inc., Ipswich, MA, USA) against
a previously obtained rP172-W45Y/W161Y background [77]. Subsequently, rP172-W0 was
expressed and purified as previously described for recombinant Amel [24,78]. Recombinant
mouse Ambn was expressed and purified as previously described [25,79]. Briefly, Ambn
was expressed in E. coli; purified via nickel affinity columns; dialyzed; enzymatically
cleaved in order to release its thioredoxin, histidine, and S-tags; and further purified via
high-performance liquid chromatography (HPLC) over an increasing acetonitrile gradient.
Purified proteins were lyophilized and kept at −20 ◦C. BSA was purchased from Sigma
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(A-4503; St. Louis, MO, USA) and stored at 4 ◦C prior to use, after which it was dissolved
in water at a stock concentration of 10 mg/mL.

The following were synthesized by Biomer Technologies (Pleasanton, CA, USA):
Peptides AB2, composed of the 37 residues encoded by exon 5 of Ambn; AB2 variants
lacking one or both tryptophan residues; AB2N, comprising the first 20 amino acids of the
AB2 sequence; and extended AB2 N-terminus (xAB2N), a 36-amino-acid peptide composed
of the last 16 residues before those encoded by exon 5 followed C-terminally by the 20
N-terminal-most residues of AB2. These peptides were rationally designed to evaluate
structural changes in residues directly implicated in interactions of Ambn with itself, Amel,
and liposomes as well as in residues flanking them. Residues 3–20 in AB2 correspond to
residues 69–86 of mouse Ambn and form an AH on membranes [7,25]. Residues 1–6 of AB2
comprise the YSRLGF Ambn self-assembly motif, which was also identified as necessary
for its co-assembly with Amel [28]. xAB2N was designed to evaluate structural changes in
residues N-terminal to the self-assembly and AH motifs. AB2 and xAB2N cysteine mutants
were synthesized and spin-labeled by Biomer Technologies. Paramagnetic spin label (1-
oxyl-2,2,5,5-tetramethyl-∆3-pyrroline-3-methyl) methanethiosulfonate (MTSL), catalogue
number O875000, was purchased from Toronto Research Chemicals (North York, ON,
Canada). All unlabeled and labeled peptides and their variants used in this study are listed
in Table S1.

Protein and peptide concentrations were determined by spectrophotometric absorbance
at 280 nm. Lyophilized proteins and peptides were dissolved in water and, unless otherwise
indicated, were subsequently agitated at 4 ◦C for 18–42 h before dilution in buffer to the
concentration used in each experiment.

4.2. LUV Preparation

Chloroform solutions purchased from Avanti Polar Lipids, Inc. (Alabaster, AL,
USA), of 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoethanolamine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-
serine (POPS), soy-derived phosphatidylinositol (PI), and sphingomyelin (SM) were mixed
at a 40:25:15:10:10 lipid molar ratio to obtain a previously used membrane composition [25]
that mimics the epithelial cell membrane [31]. Liposomes, or LUVs, were then prepared
from this composition as previously described [25]. Briefly, the chloroform solvent was
evaporated, the resulting lipid mixture vacuum was desiccated overnight, and the vesi-
cles were rehydrated in appropriate buffer. The resulting suspension consisted of MLVs,
which were utilized in the clearance assay. LUVs were prepared from this MLV suspension
via repeated freeze–thaw cycles followed by extrusion through 400 nm diameter and/or
100 nm diameter polycarbonate filters [49]. Liposome size was verified via dynamic light
scattering. All experiments incorporating LUVs involved the 100 nm diameter size, except
for the leakage assay.

To prepare leakage vesicles, LUVs with a diameter of 400 nm were prepared with
a fluorophore, and its quencher was encapsulated within [80]. Briefly, lipids were first
rehydrated in 10 mM HEPES, pH 7.4, 2.4 mM KCl, 1 mM EDTA, 3 mM sodium azide, 9 mM
8-aminonaphthalene-1,3,6-trisulfonic acid (ANTS), and 25 mM p-xylene-bis(pyridinium
bromide) (DPX). This resuspension was subjected to freeze–thaw cycles and extrusion
through 400 nm diameter filters. Unencapsulated ANTS and DPX were removed via gel
filtration using a HiTrap desalting column (GE Healthcare, Chicago, IL, USA), and LUVs
were eluted in a buffer composed of 10 mM HEPES, pH 7.4, 50 mM KCl, 1 mM EDTA, and
3 mM sodium azide.

4.3. CD

CD spectra were measured using a Jasco J-815 spectropolarimeter (Jasco Inc., Easton,
MD, USA). Samples were placed in a 1 mm quartz cell and were measured every 0.5 nm
at a 100-nm/min scan rate, a bandwidth of 1.0 nm, and a digital integration time of 2 s.
Eight spectral scans were averaged, the appropriate background was subtracted, and
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the values were normalized to obtain the mean residue ellipticity (MRE). Each sample
was prepared by diluting peptide into 10 mM Tris-HCl, pH 7.5, 50 mM NaCl buffer
to a final pH of 7.4 and measuring the CD spectrum. LUVs were subsequently added,
and the CD spectrum measured again. Final spectra were smoothed using the means
movement method with a convolution width of 11. Spectra resulting from peptide with
and without LUVs were compared, and a shift from the negative peak at approximately
195 nm that is indicative of an unstructured polypeptide chain to two negative peaks at
208 and 222 nm [81] characteristic of α-helical structure confirmed peptide–membrane
interaction and the resulting formation of an α-helix in the peptide.

4.4. EPR

EPR of spin-labeled peptides was measured using a continuous-wave X-band Bruker
EMX spectrometer (Bruker Biospin Corp., Billerica, MA, USA) equipped with an ER 4131VT
temperature controller and HS cavity. For spectral measurements, samples of 15 µM spin-
labeled peptide were loaded into borosilicate glass capillaries (0.6-mm inner diameter ×
0.84-mm outer diameter, VitroCom, Mt. Lakes, NJ, USA), and their spectra were recorded
at 12.60 milliwatts incident microwave power and 100 G. scan width. Ten to fifteen scans
were accumulated for each spectral measurement. Inverse central linewidths (LWs) were
measured by marking the distance between the maximum and minimum of the central line
in each spectrum in the Bruker EMX WinEPR Acquisition program and then calculating
the reciprocal (1/LW). Inverse full widths at half maxima (FWHMs) were calculated, via
the Bruker EMX WinEPR Acquisition program, by first integrating EPR spectra directly
yielded from experiments to generate their respective absorbance spectra. The center peak
was measured from top to baseline for each spectrum and divided by two, whereupon the
distance between the sides of the peak was measured at this half-height, and the reciprocal
was subsequently calculated (1/FWHM).

For experiments in which a spin-labeled peptide was combined with LUVs, concen-
trated peptide dissolved in water was diluted to 15 µM in 10 mM Tris, pH 7.4, 50 mM NaCl,
to which LUVs suspended in the same buffer were added at the peptide-to-phospholipid
molar ratios indicated in Figure 1. For experiments combining a labeled peptide with an
unlabeled protein or peptide, concentrated labeled peptide dissolved in water was diluted
to 15 µM in 50 mM Tris, pH 7.6, 50 mM NaCl in order to optimize the pH for possible
self-assembly or co-assembly. For experiments combining labeled peptide with recom-
binant Amel, concentrated rP172-W0 previously dissolved in water was added to make
15 µM rP172-W0 for one measurement, followed by another addition of rP172-W0 to a
final concentration of 75 µM for the last measurement. For experiments combining labeled
peptide and BSA, concentrated BSA dissolved in water was titrated into 15 µM peptide
to 0.3 mg/mL followed by 1.5 mg/mL final BSA concentrations, the mass equivalents of
15 and 75 µM Amel. For experiments combining labeled peptide and recombinant Ambn,
concentrated Ambn stock solution in water was added to 15 µM peptide to a final concen-
tration of 0.3 mg/mL Ambn. This was the only concentration used due to the difficulty of
dissolving Ambn at sufficiently high stock concentrations to yield a 1.5 mg/mL final con-
centration. For experiments combining labeled peptide with unlabeled AB2, concentrated
AB2 in water was titrated into 15 µM labeled peptide to 15 µM followed by 75 µM final
unlabeled AB2 concentrations. Experiments using a combination of spin-labeled peptide,
LUVs, and rP172-W0 utilized 10 mM Tris, pH 7.4, 50 mM NaCl. Concentrated peptide or
protein stock dissolved in water and LUVs suspended in buffer were added in the order
indicated, at final concentrations of 15 µM for labeled peptide, 15 µM for rP172-W0, and
600 µM phospholipid concentration for LUVs.

4.5. Intrinsic Tryptophan Fluorescence

The tryptophan fluorescence of AB2, AB2-W14Y, AB2N, and xAB2N peptides was
measured in the presence or absence of LUVs, of AB3, and/or of rP172-W0 using a Horiba
(Kyoto, Japan) Jobin Yvon FluoroLog-3 modular spectrofluorometer or a Hitachi (Tokyo,
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Japan) F-2500 spectrofluorometer. Final spectra were the averages of three fluorescence
emission scans measured from 300 to 400 nm with an excitation wavelength of 295 nm,
an excitation slit width of 2.5 or 5 nm, and an emission slit width of 5 nm. Both spec-
trofluorometers were equipped with a 1 cm path length cuvette, and the appropriate blank
spectra were subtracted. The protein or peptide was diluted into 10 mM Tris-HCl, pH 7.5,
50 mM NaCl to a final pH of 7.4. The data, which were representative of at least three
independent experiments, were analyzed using Microsoft Excel. P-values were determined
using one-tailed Student’s t-tests and are described in figure legends. The differences were
considered significant if p < 0.05.

4.6. Ambn–Membrane Interactions by Leakage Assay

AB2 was added at varying concentrations to 150 µM 400 nm diameter LUVs in which
ANTS and DPX were encapsulated (see above). The release of ANTS and its quencher
DPX was measured in a Hitachi F-2500 fluorescence spectrometer every 2 s as an increase
in ANTS fluorescence intensity. Excitation and emission wavelengths were set at 380
and 520 nm with slits of 2.5 and 20 nm, respectively, and a response time of 0.08 s. One
hundred percent leakage was attained using a final concentration of 0.04% Triton X-100
(EM Science, Gibbstown, NJ, USA), and all data were normalized to fluorescence intensity
at this amount. To determine concentration dependence, data were scaled by subtracting
the lowest normalized leakage value across all samples from the normalized leakage value
of each sample and dividing the resulting value by the difference between the highest and
lowest normalized leakage values across all samples; values measured after 15 min of LUV
leakage were used.

4.7. Ambn–Membrane Interactions by Clearance Assay

Changes in light scattering by MLVs can be detected by measuring their optical
density at 500 nm. Light scattering is lost at this wavelength when vesicles become smaller,
a clearance that can occur when membrane-interacting proteins are added to MLVs [59].
Thus, clearance of MLVs derived from the suspension of phospholipids used to make LUVs
(see above) was monitored by measuring changes in light scattering every 20 s for 30 min
at a wavelength of 500 nm in a Beckman Instruments DU 600 Series spectrophotometer
(Beckman Coulter, Brea, CA, USA). AB2 at varying concentrations was added to a quartz
cuvette containing 150 µM MLVs in 10 mM Tris, pH 7.4, 50 mM NaCl. Water was added
to MLVs as a negative control. Data were normalized by setting initial values to 1. In
this way, normalized A500 at each time point reflected the fraction of remaining light
scattering. To determine concentration dependence, data were scaled by subtracting the
lowest normalized clearance value (defined as the difference between 1 and the percentage
of maximal absorbance value at 500 nm) across all samples from the normalized clearance
value of each sample and dividing the resulting value by the difference between the highest
and lowest normalized clearance values across all samples; clearance values measured after
15 min of MLV clearance were used.

5. Conclusions

We performed electron paramagnetic resonance (EPR) with site-directed spin-labeling
(SDSL) on Ambn-derived peptides (AB2, xAB2N). Together with other biophysical tech-
niques, our data collectively indicated competition between Ambn–Amel and Ambn–
membrane interactions. Specifically, we found an increase in structure throughout both
peptides upon interaction with Amel or full-length Ambn as well as an increase in structure
throughout the peptides upon interaction with membrane-mimicking liposomes. The
increase in structure in the presence of liposomes is an increase in α-helicity, and peptide–
membrane interactions were independent from peptide self-association. Ambn peptides
interact less with Amel when combined in the presence of liposomes than in the absence of
liposomes, as well as less with liposomes when they are added in the presence of Amel.
This study reinforces that multitargeting is at the heart of the complex role of Ambn and
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centers this role in a domain from amino acids 57 to 90 of mouse Ambn. Ambn interactions
with different targets may have implications for its cooperative function with Amel in
controlling mineralization and its roles in ameloblast polarization, signaling, and adhesion
of ameloblast membranes to the enamel matrix.
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AB1 Peptide composed of the 40 amino acids encoded by mouse Ambn exons 3 and 4
AB2 Peptide composed of the 37 amino acids encoded by mouse Ambn exon 5
AB2N AB2 N-terminus
AB3 Tryptophan-free AB2
AH Amphipathic helix
Ambn Ameloblastin
Amel Amelogenin
ANTS 8-Aminonaphthalene-1,3,6-trisulfonic acid
Amtn Amelotin
BSA Bovine serum albumin
CD Circular dichroism
DPX P-xylene-bis(pyridinium bromide)
EMP Enamel matrix protein
Enam Enamelin
EPR Electron paramagnetic resonance
FWHM Full width at half maximum
G. Gauss
HPLC High-performance liquid chromatography
LUV Large unilamellar vesicle
LW Linewidth
MLV Multilamellar vesicle
MRE Mean residue ellipticity
MTSL (1-Oxyl-2,2,5,5-tetramethyl-∆3-pyrroline-3-methyl) methanethiosulfonate
PI Phosphatidylinositol
POPC 1-Palmitoyl-2-oleoyl-glycero-3-phosphocholine
POPE 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
POPS 1-Palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine
rP172-W0 Tryptophan-free recombinant porcine amelogenin
SDSL Site-directed spin-labeling
SM Sphingomyelin
xAB2N Extended AB2 N-terminus

https://www.mdpi.com/article/10.3390/ijms24043484/s1
https://www.mdpi.com/article/10.3390/ijms24043484/s1


Int. J. Mol. Sci. 2023, 24, 3484 22 of 24

References
1. Ravindran, S.; George, A. Multifunctional ECM proteins in bone and teeth. Exp. Cell Res 2014, 325, 148–154. [CrossRef] [PubMed]
2. Moradian-Oldak, J.; George, A. Biomineralization of Enamel and Dentin Mediated by Matrix Proteins. J. Dent. Res. 2021, 100,

1020–1029. [CrossRef] [PubMed]
3. Fukumoto, S.; Kiba, T.; Hall, B.; Iehara, N.; Nakamura, T.; Longenecker, G.; Krebsbach, P.H.; Nanci, A.; Kulkarni, A.B.; Yamada, Y.

Ameloblastin is a cell adhesion molecule required for maintaining the differentiation state of ameloblasts. J. Cell Biol. 2004, 167,
973–983. [CrossRef] [PubMed]

4. Hoang, A.M.; Klebe, R.J.; Steffensen, B.; Ryu, O.H.; Simmer, J.P.; Cochran, D.L. Amelogenin is a cell adhesion protein. J. Dent. Res.
2002, 81, 497–500. [CrossRef] [PubMed]

5. Tao, J.; Fijneman, A.; Wan, J.; Prajapati, S.; Mukherjee, K.; Fernandez-Martinez, A.; Moradian-Oldak, J.; De Yoreo, J.J. Control of
Calcium Phosphate Nucleation and Transformation through Interactions of Enamelin and Amelogenin Exhibits the “Goldilocks
Effect”. Cryst. Growth Des. 2018, 18, 7391–7400. [CrossRef]

6. Mazumder, P.; Prajapati, S.; Bapat, R.; Moradian-Oldak, J. Amelogenin-Ameloblastin Spatial Interaction around Maturing Enamel
Rods. J. Dent. Res. 2016, 95, 1042–1048. [CrossRef]

7. Su, J.; Bapat, R.A.; Visakan, G.; Moradian-Oldak, J. An Evolutionarily Conserved Helix Mediates Ameloblastin-Cell Interaction. J.
Dent. Res. 2020, 99, 1072–1081. [CrossRef]

8. Kim, Y.J.; Kang, J.; Seymen, F.; Koruyucu, M.; Zhang, H.; Kasimoglu, Y.; Bayram, M.; Tuna-Ince, E.B.; Bayrak, S.; Tuloglu, N.; et al.
Alteration of Exon Definition Causes Amelogenesis Imperfecta. J. Dent. Res. 2020, 99, 410–418. [CrossRef]

9. Lu, T.; Li, M.; Xu, X.; Xiong, J.; Huang, C.; Zhang, X.; Hu, A.; Peng, L.; Cai, D.; Zhang, L.; et al. Whole exome sequencing identifies
an AMBN missense mutation causing severe autosomal-dominant amelogenesis imperfecta and dentin disorders. Int. J. Oral Sci.
2018, 10, 26. [CrossRef]

10. Brookes, S.J.; Barron, M.J.; Smith, C.E.L.; Poulter, J.A.; Mighell, A.J.; Inglehearn, C.F.; Brown, C.J.; Rodd, H.; Kirkham, J.; Dixon,
M.J. Amelogenesis imperfecta caused by N-terminal enamelin point mutations in mice and men is driven by endoplasmic
reticulum stress. Hum. Mol. Genet. 2017, 26, 1863–1876. [CrossRef]

11. Smith, C.E.; Murillo, G.; Brookes, S.J.; Poulter, J.A.; Silva, S.; Kirkham, J.; Inglehearn, C.F.; Mighell, A.J. Deletion of amelotin exons
3-6 is associated with amelogenesis imperfecta. Hum. Mol. Genet. 2016, 25, 3578–3587. [CrossRef]

12. Crawford, P.J.; Aldred, M.; Bloch-Zupan, A. Amelogenesis imperfecta. Orphanet. J. Rare Dis 2007, 2, 17. [CrossRef]
13. Boskey, A.L.; Villarreal-Ramirez, E. Intrinsically disordered proteins and biomineralization. Matrix Biol. 2016, 52–54, 43–59.

[CrossRef]
14. Kawasaki, K.; Weiss, K.M. Mineralized tissue and vertebrate evolution: The secretory calcium-binding phosphoprotein gene

cluster. Proc. Natl. Acad. Sci. USA 2003, 100, 4060–4065. [CrossRef]
15. Krebsbach, P.H.; Lee, S.K.; Matsuki, Y.; Kozak, C.A.; Yamada, K.M.; Yamada, Y. Full-length sequence, localization, and chromoso-

mal mapping of ameloblastin. A novel tooth-specific gene. J. Biol. Chem. 1996, 271, 4431–4435. [CrossRef]
16. Lacruz, R.S.; Habelitz, S.; Wright, J.T.; Paine, M.L. Dental Enamel Formation and Implications for Oral Health and Disease. Physiol.

Rev. 2017, 97, 939–993. [CrossRef]
17. Bartlett, J.D.; Simmer, J.P. Proteinases in developing dental enamel. Crit. Rev. Oral Biol. Med. 1999, 10, 425–441. [CrossRef]
18. Smith, C.E. Cellular and chemical events during enamel maturation. Crit. Rev. Oral Biol. Med. 1998, 9, 128–161. [CrossRef]
19. Fincham, A.G.; Moradian-Oldak, J.; Diekwisch, T.G.; Lyaruu, D.M.; Wright, J.T.; Bringas, P., Jr.; Slavkin, H.C. Evidence for

amelogenin “nanospheres” as functional components of secretory-stage enamel matrix. J. Struct. Biol. 1995, 115, 50–59. [CrossRef]
20. Fang, P.A.; Conway, J.F.; Margolis, H.C.; Simmer, J.P.; Beniash, E. Hierarchical self-assembly of amelogenin and the regulation of

biomineralization at the nanoscale. Proc. Natl. Acad. Sci. USA 2011, 108, 14097–14102. [CrossRef]
21. Yang, X.; Wang, L.; Qin, Y.; Sun, Z.; Henneman, Z.J.; Moradian-Oldak, J.; Nancollas, G.H. How amelogenin orchestrates the

organization of hierarchical elongated microstructures of apatite. J. Phys. Chem. B 2010, 114, 2293–2300. [CrossRef] [PubMed]
22. Jacques, J.; Hotton, D.; De la Dure-Molla, M.; Petit, S.; Asselin, A.; Kulkarni, A.B.; Gibson, C.W.; Brookes, S.J.; Berdal, A.; Isaac, J.

Tracking endogenous amelogenin and ameloblastin in vivo. PLoS ONE 2014, 9, e99626. [CrossRef] [PubMed]
23. Shao, C.; Bapat, R.A.; Su, J.; Moradian-Oldak, J. Regulation of Hydroxyapatite Nucleation In Vitro through Ameloblastin-

Amelogenin Interactions. ACS Biomater. Sci. Eng. 2022. ahead of print. [CrossRef] [PubMed]
24. Mazumder, P.; Prajapati, S.; Lokappa, S.B.; Gallon, V.; Moradian-Oldak, J. Analysis of co-assembly and co-localization of

ameloblastin and amelogenin. Front. Physiol. 2014, 5, 274. [CrossRef] [PubMed]
25. Su, J.; Kegulian, N.C.; Arun Bapat, R.; Moradian-Oldak, J. Ameloblastin Binds to Phospholipid Bilayers via a Helix-Forming

Motif within the Sequence Encoded by Exon 5. ACS Omega 2019, 4, 4405–4416. [CrossRef]
26. Su, J.; Arun Bapat, R.; Visakan, G.; Moradian-Oldak, J. Co-emergence of the amphipathic helix on ameloblastin with mammalian

prismatic enamel. Mol. Biol. Evol. 2022, 39, msac205. [CrossRef]
27. Wald, T.; Spoutil, F.; Osickova, A.; Prochazkova, M.; Benada, O.; Kasparek, P.; Bumba, L.; Klein, O.D.; Sedlacek, R.; Sebo, P.; et al.

Intrinsically disordered proteins drive enamel formation via an evolutionarily conserved self-assembly motif. Proc. Natl. Acad.
Sci. USA 2017, 114, E1641–E1650. [CrossRef]

28. Bapat, R.A.; Su, J.; Moradian-Oldak, J. Co-Immunoprecipitation Reveals Interactions Between Amelogenin and Ameloblastin via
Their Self-Assembly Domains. Front. Physiol. 2020, 11, 622086. [CrossRef]

http://doi.org/10.1016/j.yexcr.2014.01.018
http://www.ncbi.nlm.nih.gov/pubmed/24486446
http://doi.org/10.1177/00220345211018405
http://www.ncbi.nlm.nih.gov/pubmed/34151644
http://doi.org/10.1083/jcb.200409077
http://www.ncbi.nlm.nih.gov/pubmed/15583034
http://doi.org/10.1177/154405910208100713
http://www.ncbi.nlm.nih.gov/pubmed/12161464
http://doi.org/10.1021/acs.cgd.8b01066
http://doi.org/10.1177/0022034516645389
http://doi.org/10.1177/0022034520918521
http://doi.org/10.1177/0022034520901708
http://doi.org/10.1038/s41368-018-0027-9
http://doi.org/10.1093/hmg/ddx090
http://doi.org/10.1093/hmg/ddw203
http://doi.org/10.1186/1750-1172-2-17
http://doi.org/10.1016/j.matbio.2016.01.007
http://doi.org/10.1073/pnas.0638023100
http://doi.org/10.1074/jbc.271.8.4431
http://doi.org/10.1152/physrev.00030.2016
http://doi.org/10.1177/10454411990100040101
http://doi.org/10.1177/10454411980090020101
http://doi.org/10.1006/jsbi.1995.1029
http://doi.org/10.1073/pnas.1106228108
http://doi.org/10.1021/jp910219s
http://www.ncbi.nlm.nih.gov/pubmed/20104924
http://doi.org/10.1371/journal.pone.0099626
http://www.ncbi.nlm.nih.gov/pubmed/24933156
http://doi.org/10.1021/acsbiomaterials.1c01113
http://www.ncbi.nlm.nih.gov/pubmed/35068157
http://doi.org/10.3389/fphys.2014.00274
http://www.ncbi.nlm.nih.gov/pubmed/25120489
http://doi.org/10.1021/acsomega.8b03582
http://doi.org/10.1093/molbev/msac205
http://doi.org/10.1073/pnas.1615334114
http://doi.org/10.3389/fphys.2020.622086


Int. J. Mol. Sci. 2023, 24, 3484 23 of 24

29. Ravindranath, H.H.; Chen, L.S.; Zeichner-David, M.; Ishima, R.; Ravindranath, R.M. Interaction between the enamel matrix
proteins amelogenin and ameloblastin. Biochem. Biophys. Res. Commun. 2004, 323, 1075–1083. [CrossRef]

30. Su, J.; Chandrababu, K.B.; Moradian-Oldak, J. Ameloblastin peptide encoded by exon 5 interacts with amelogenin N-terminus.
Biochem. Biophys. Rep. 2016, 7, 26–32. [CrossRef]

31. Marquez, M.G.; Nieto, F.L.; Fernandez-Tome, M.C.; Favale, N.O.; Sterin-Speziale, N. Membrane lipid composition plays a central
role in the maintenance of epithelial cell adhesion to the extracellular matrix. Lipids 2008, 43, 343–352. [CrossRef]

32. Sahu, I.D.; Lorigan, G.A. Electron Paramagnetic Resonance as a Tool for Studying Membrane Proteins. Biomolecules 2020, 10, 763.
[CrossRef]

33. Jao, C.C.; Hegde, B.G.; Chen, J.; Haworth, I.S.; Langen, R. Structure of membrane-bound alpha-synuclein from site-directed spin
labeling and computational refinement. Proc. Natl. Acad. Sci. USA 2008, 105, 19666–19671. [CrossRef]

34. Chen, D.; Wang, J.M.; Lanyi, J.K. Electron paramagnetic resonance study of structural changes in the O photointermediate of
bacteriorhodopsin. J. Mol. Biol. 2007, 366, 790–805. [CrossRef]

35. Feix, J.B.; Klug, C.S. Site-Directed Spin Labeling of Membrane Proteins and Peptide-Membrane Interactions. In Biological Magnetic
Resonance; Spin Labeling: The Next Millennium; Berliner, L.J., Ed.; Plenum Press: New York, NY, USA, 1998; Volume 14,
pp. 251–281.

36. Margittai, M.; Langen, R. Spin labeling analysis of amyloids and other protein aggregates. Methods Enzym. 2006, 413, 122–139.
37. Mobius, K.; Lubitz, W.; Savitsky, A. High-field EPR on membrane proteins—Crossing the gap to NMR. Prog. Nucl. Magn. Reson.

Spectrosc. 2013, 75, 1–49. [CrossRef]
38. Schuck, P. Use of surface plasmon resonance to probe the equilibrium and dynamic aspects of interactions between biological

macromolecules. Annu. Rev. Biophys. Biomol. Struct. 1997, 26, 541–566. [CrossRef]
39. Siemer, A.B. Advances in studying protein disorder with solid-state NMR. Solid State Nucl. Magn. Reson. 2020, 106, 101643.

[CrossRef]
40. Tao, M.; Pandey, N.K.; Barnes, R.; Han, S.; Langen, R. Structure of Membrane-Bound Huntingtin Exon 1 Reveals Membrane

Interaction and Aggregation Mechanisms. Structure 2019, 27, 1570–1580.e1574. [CrossRef]
41. Xia, Y.; Fischer, A.W.; Teixeira, P.; Weiner, B.; Meiler, J. Integrated Structural Biology for alpha-Helical Membrane Protein Structure

Determination. Structure 2018, 26, 657–666.e652. [CrossRef]
42. Rustad, M.D.; Roopnarine, O.; Cornea, R.L.; Thomas, D.D. Interaction of DWORF with SERCA and PLB as determined by EPR

spectroscopy. Biochem. Biophys. Res. Commun. 2023, 645, 97–102. [CrossRef] [PubMed]
43. Schumacher, F.F.; Sanchania, V.A.; Tolner, B.; Wright, Z.V.; Ryan, C.P.; Smith, M.E.; Ward, J.M.; Caddick, S.; Kay, C.W.; Aeppli,

G.; et al. Homogeneous antibody fragment conjugation by disulfide bridging introduces ‘spinostics’. Sci. Rep. 2013, 3, 1525.
[CrossRef] [PubMed]

44. Haeri, H.H.; Blaffert, J.; Schoffmann, F.A.; Blech, M.; Hartl, J.; Garidel, P.; Hinderberger, D. Concentration Effects in the Interaction
of Monoclonal Antibodies (mAbs) with their Immediate Environment Characterized by EPR Spectroscopy. Molecules 2019, 24,
2528. [CrossRef] [PubMed]

45. Stakkestad, O.; Lyngstadaas, S.P.; Thiede, B.; Vondrasek, J.; Skalhegg, B.S.; Reseland, J.E. Phosphorylation Modulates Ameloblastin
Self-assembly and Ca (2+) Binding. Front. Physiol. 2017, 8, 531. [CrossRef]

46. Wald, T.; Osickova, A.; Sulc, M.; Benada, O.; Semeradtova, A.; Rezabkova, L.; Veverka, V.; Bednarova, L.; Maly, J.; Macek, P.; et al.
Intrinsically disordered enamel matrix protein ameloblastin forms ribbon-like supramolecular structures via an N-terminal
segment encoded by exon 5. J. Biol. Chem. 2013, 288, 22333–22345. [CrossRef]

47. Raghuraman, H.; Chatterjee, S.; Das, A. Site-Directed Fluorescence Approaches for Dynamic Structural Biology of Membrane
Peptides and Proteins. Front. Mol. Biosci. 2019, 6, 96. [CrossRef]

48. Butterfield, S.M.; Lashuel, H.A. Amyloidogenic protein-membrane interactions: Mechanistic insight from model systems. Angew.
Chem. Int. Ed. Engl. 2010, 49, 5628–5654. [CrossRef]

49. Kegulian, N.C.; Sankhagowit, S.; Apostolidou, M.; Jayasinghe, S.A.; Malmstadt, N.; Butler, P.C.; Langen, R. Membrane Curvature-
sensing and Curvature-inducing Activity of Islet Amyloid Polypeptide and Its Implications for Membrane Disruption. J. Biol.
Chem. 2015, 290, 25782–25793. [CrossRef]

50. Moradian-Oldak, J. Protein-mediated enamel mineralization. Front. Biosci. (Landmark Ed.) 2012, 17, 1996–2023. [CrossRef]
51. Wilman, H.R.; Shi, J.; Deane, C.M. Helix kinks are equally prevalent in soluble and membrane proteins. Proteins 2014, 82,

1960–1970. [CrossRef]
52. Li, S.C.; Goto, N.K.; Williams, K.A.; Deber, C.M. Alpha-helical, but not beta-sheet, propensity of proline is determined by peptide

environment. Proc. Natl. Acad. Sci. USA 1996, 93, 6676–6681. [CrossRef]
53. Chen, Y.; Barkley, M.D. Toward understanding tryptophan fluorescence in proteins. Biochemistry 1998, 37, 9976–9982. [CrossRef]
54. Ghisaidoobe, A.B.; Chung, S.J. Intrinsic tryptophan fluorescence in the detection and analysis of proteins: A focus on Forster

resonance energy transfer techniques. Int. J. Mol. Sci. 2014, 15, 22518–22538. [CrossRef]
55. Vetyskova, V.; Zouharova, M.; Bednarova, L.; Vanek, O.; Sazelova, P.; Kasicka, V.; Vymetal, J.; Srp, J.; Rumlova, M.;

Charnavets, T.; et al. Characterization of AMBN I and II Isoforms and Study of Their Ca(2+)-Binding Properties. Int. J. Mol. Sci.
2020, 21, 9293. [CrossRef]

56. Ambroso, M.R.; Hegde, B.G.; Langen, R. Endophilin A1 induces different membrane shapes using a conformational switch that is
regulated by phosphorylation. Proc. Natl. Acad. Sci. USA 2014, 111, 6982–6987. [CrossRef]

http://doi.org/10.1016/j.bbrc.2004.08.207
http://doi.org/10.1016/j.bbrep.2016.05.007
http://doi.org/10.1007/s11745-008-3152-y
http://doi.org/10.3390/biom10050763
http://doi.org/10.1073/pnas.0807826105
http://doi.org/10.1016/j.jmb.2006.12.017
http://doi.org/10.1016/j.pnmrs.2013.07.002
http://doi.org/10.1146/annurev.biophys.26.1.541
http://doi.org/10.1016/j.ssnmr.2020.101643
http://doi.org/10.1016/j.str.2019.08.003
http://doi.org/10.1016/j.str.2018.02.006
http://doi.org/10.1016/j.bbrc.2023.01.041
http://www.ncbi.nlm.nih.gov/pubmed/36682333
http://doi.org/10.1038/srep01525
http://www.ncbi.nlm.nih.gov/pubmed/23519366
http://doi.org/10.3390/molecules24142528
http://www.ncbi.nlm.nih.gov/pubmed/31295948
http://doi.org/10.3389/fphys.2017.00531
http://doi.org/10.1074/jbc.M113.456012
http://doi.org/10.3389/fmolb.2019.00096
http://doi.org/10.1002/anie.200906670
http://doi.org/10.1074/jbc.M115.659797
http://doi.org/10.2741/4034
http://doi.org/10.1002/prot.24550
http://doi.org/10.1073/pnas.93.13.6676
http://doi.org/10.1021/bi980274n
http://doi.org/10.3390/ijms151222518
http://doi.org/10.3390/ijms21239293
http://doi.org/10.1073/pnas.1402233111


Int. J. Mol. Sci. 2023, 24, 3484 24 of 24

57. Isas, J.M.; Ambroso, M.R.; Hegde, P.B.; Langen, J.; Langen, R. Tubulation by amphiphysin requires concentration-dependent
switching from wedging to scaffolding. Structure 2015, 23, 873–881. [CrossRef]

58. Michalek, M.; Salnikov, E.S.; Bechinger, B. Structure and topology of the huntingtin 1–17 membrane anchor by a combined
solution and solid-state NMR approach. Biophys. J. 2013, 105, 699–710. [CrossRef]

59. Varkey, J.; Isas, J.M.; Mizuno, N.; Jensen, M.B.; Bhatia, V.K.; Jao, C.C.; Petrlova, J.; Voss, J.C.; Stamou, D.G.; Steven, A.C.; et al.
Membrane curvature induction and tubulation are common features of synucleins and apolipoproteins. J. Biol. Chem. 2010, 285,
32486–32493. [CrossRef]

60. Kumar, P.; Kizhakkedathu, J.N.; Straus, S.K. Antimicrobial Peptides: Diversity, Mechanism of Action and Strategies to Improve
the Activity and Biocompatibility In Vivo. Biomolecules 2018, 8, 4. [CrossRef]

61. Zhang, X.; Diekwisch, T.G.; Luan, X. Structure and function of ameloblastin as an extracellular matrix protein: Adhesion, calcium
binding, and CD63 interaction in human and mouse. Eur. J. Oral Sci. 2011, 119 (Suppl. S1), 270–279. [CrossRef]

62. Cerny, R.; Slaby, I.; Hammarstrom, L.; Wurtz, T. A novel gene expressed in rat ameloblasts codes for proteins with cell binding
domains. J. Bone Miner. Res. 1996, 11, 883–891. [CrossRef] [PubMed]

63. Beyeler, M.; Schild, C.; Lutz, R.; Chiquet, M.; Trueb, B. Identification of a fibronectin interaction site in the extracellular matrix
protein ameloblastin. Exp. Cell Res. 2010, 316, 1202–1212. [CrossRef] [PubMed]

64. Lokappa, S.B.; Chandrababu, K.B.; Dutta, K.; Perovic, I.; Evans, J.S.; Moradian-Oldak, J. Interactions of amelogenin with
phospholipids. Biopolymers 2015, 103, 96–108. [CrossRef] [PubMed]

65. Lokappa, S.B.; Chandrababu, K.B.; Moradian-Oldak, J. Tooth enamel protein amelogenin binds to ameloblast cell membrane-
mimicking vesicles via its N-terminus. Biochem. Biophys. Res. Commun. 2015, 464, 956–961. [CrossRef]

66. Wazen, R.M.; Moffatt, P.; Zalzal, S.F.; Yamada, Y.; Nanci, A. A mouse model expressing a truncated form of ameloblastin exhibits
dental and junctional epithelium defects. Matrix Biol. 2009, 28, 292–303. [CrossRef]

67. Poulter, J.A.; Murillo, G.; Brookes, S.J.; Smith, C.E.; Parry, D.A.; Silva, S.; Kirkham, J.; Inglehearn, C.F.; Mighell, A.J. Deletion of
ameloblastin exon 6 is associated with amelogenesis imperfecta. Hum. Mol. Genet. 2014, 23, 5317–5324. [CrossRef]

68. Visakan, G.; Su, J.; Moradian-Oldak, J. Ameloblastin promotes polarization of ameloblast cell lines in a 3-D cell culture system.
Matrix Biol. 2022, 105, 72–86. [CrossRef]

69. Hatakeyama, J.; Fukumoto, S.; Nakamura, T.; Haruyama, N.; Suzuki, S.; Hatakeyama, Y.; Shum, L.; Gibson, C.W.; Yamada, Y.;
Kulkarni, A.B. Synergistic roles of amelogenin and ameloblastin. J. Dent. Res. 2009, 88, 318–322. [CrossRef]

70. Zalzal, S.F.; Smith, C.E.; Nanci, A. Ameloblastin and amelogenin share a common secretory pathway and are co-secreted during
enamel formation. Matrix Biol. 2008, 27, 352–359. [CrossRef]

71. Ravindranath, R.M.; Devarajan, A.; Uchida, T. Spatiotemporal expression of ameloblastin isoforms during murine tooth develop-
ment. J. Biol. Chem. 2007, 282, 36370–36376. [CrossRef]

72. Kobayashi, K.; Yamakoshi, Y.; Hu, J.C.; Gomi, K.; Arai, T.; Fukae, M.; Krebsbach, P.H.; Simmer, J.P. Splicing determines the
glycosylation state of ameloblastin. J. Dent. Res. 2007, 86, 962–967. [CrossRef]

73. MacDougall, M.; Simmons, D.; Gu, T.T.; Forsman-Semb, K.; Mardh, C.K.; Mesbah, M.; Forest, N.; Krebsbach, P.H.; Yamada,
Y.; Berdal, A. Cloning, characterization and immunolocalization of human ameloblastin. Eur. J. Oral Sci. 2000, 108, 303–310.
[CrossRef]

74. Chun, Y.H.; Yamakoshi, Y.; Yamakoshi, F.; Fukae, M.; Hu, J.C.; Bartlett, J.D.; Simmer, J.P. Cleavage site specificity of MMP-20 for
secretory-stage ameloblastin. J. Dent. Res. 2010, 89, 785–790. [CrossRef]

75. Moss-Salentijn, L.; Moss, M.L.; Yuan, M.S.-T. The ontogeny of mammalian enamel. In Tooth Enamel Microstructure; von
Koenigswald, W., Sander, P.M., Eds.; CRC Press: London, UK, 1997; pp. 5–30.

76. Nikoloudaki, G. Functions of Matricellular Proteins in Dental Tissues and Their Emerging Roles in Orofacial Tissue Development,
Maintenance, and Disease. Int. J. Mol. Sci. 2021, 22, 6626. [CrossRef]

77. Bromley, K.M.; Kiss, A.S.; Lokappa, S.B.; Lakshminarayanan, R.; Fan, D.; Ndao, M.; Evans, J.S.; Moradian-Oldak, J. Dissecting
amelogenin protein nanospheres: Characterization of metastable oligomers. J. Biol. Chem. 2011, 286, 34643–34653. [CrossRef]

78. Lakshminarayanan, R.; Yoon, I.; Hegde, B.G.; Fan, D.; Du, C.; Moradian-Oldak, J. Analysis of secondary structure and self-
assembly of amelogenin by variable temperature circular dichroism and isothermal titration calorimetry. Proteins 2009, 76,
560–569. [CrossRef]

79. Su, J.; Bapat, R.A.; Moradian-Oldak, J. The Expression and Purification of Recombinant Mouse Ameloblastin in E. coli. Methods
Mol. Biol. 2019, 1922, 229–236.

80. Ladokhin, A.S.; Wimley, W.C.; White, S.H. Leakage of membrane vesicle contents: Determination of mechanism using fluorescence
requenching. Biophys. J. 1995, 69, 1964–1971. [CrossRef]

81. Greenfield, N.J. Using circular dichroism spectra to estimate protein secondary structure. Nat. Protoc. 2006, 1, 2876–2890.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.str.2015.02.014
http://doi.org/10.1016/j.bpj.2013.06.030
http://doi.org/10.1074/jbc.M110.139576
http://doi.org/10.3390/biom8010004
http://doi.org/10.1111/j.1600-0722.2011.00889.x
http://doi.org/10.1002/jbmr.5650110703
http://www.ncbi.nlm.nih.gov/pubmed/8797107
http://doi.org/10.1016/j.yexcr.2009.12.019
http://www.ncbi.nlm.nih.gov/pubmed/20043904
http://doi.org/10.1002/bip.22573
http://www.ncbi.nlm.nih.gov/pubmed/25298002
http://doi.org/10.1016/j.bbrc.2015.07.082
http://doi.org/10.1016/j.matbio.2009.04.004
http://doi.org/10.1093/hmg/ddu247
http://doi.org/10.1016/j.matbio.2021.11.002
http://doi.org/10.1177/0022034509334749
http://doi.org/10.1016/j.matbio.2008.01.003
http://doi.org/10.1074/jbc.M704731200
http://doi.org/10.1177/154405910708601009
http://doi.org/10.1034/j.1600-0722.2000.108004303.x
http://doi.org/10.1177/0022034510366903
http://doi.org/10.3390/ijms22126626
http://doi.org/10.1074/jbc.M111.250928
http://doi.org/10.1002/prot.22369
http://doi.org/10.1016/S0006-3495(95)80066-4
http://doi.org/10.1038/nprot.2006.202

	Introduction 
	Results 
	Characterization of Spin-Labeled Ambn Peptides 
	EPR Revealed That Ambn Peptides Gain Secondary Structure upon Interaction with Liposomes 
	EPR Revealed That Ambn Peptides Gain Tertiary/Quaternary Contacts upon Interaction with Full-Length Amel 
	EPR Revealed That Ambn Peptides Gain Structural Order upon Interaction with Full-Length Ambn 
	Experimental Scenarios to Examine Simultaneous Ambn Peptide Interactions with Its Targets 
	Fluorescence Spectroscopy Showed Concomitant Ambn Self-Association and Ambn–Membrane Interaction 
	AB2–Membrane Interactions Are Independent of AB2 Self-Association 
	Ambn has Dynamic Interactions with Amel and Membranes near Its Self-Assembly Region 

	Discussion 
	Materials and Methods 
	Protein Expression and Purification and Peptide Synthesis 
	LUV Preparation 
	CD 
	EPR 
	Intrinsic Tryptophan Fluorescence 
	Ambn–Membrane Interactions by Leakage Assay 
	Ambn–Membrane Interactions by Clearance Assay 

	Conclusions 
	References

