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ABSTRACT

We have recently reported that the extracellular enamel protein amelogenin has affinity to interact with
phospholipids and proposed that such interactions may play key roles in enamel biomineralization as
well as reported amelogenin signaling activities. Here, in order to identify the liposome-interacting
domains of amelogenin we designed four different amelogenin mutants containing only a single tryp-
tophan at positions 25, 45,112 and 161. Circular dichroism studies of the mutants confirmed that they are
structurally similar to the wild-type amelogenin. Utilizing the intrinsic fluorescence of single tryptophan
residue and fluorescence resonance energy transfer [FRET], we analyzed the accessibility and strength of
their binding with an ameloblast cell membrane-mimicking model membrane (ACML) and a negatively
charged liposome used as a membrane model. We found that amelogenin has membrane-binding ability
mainly via its N-terminal, close to residues W25 and W45. Significant blue shift was also observed in the
fluorescence of a N-terminal peptide following addition of liposomes. We suggest that, among other
mechanisms, enamel malformation in cases of Amelogenesis Imperfecta (Al) with mutations at the N-

terminal may be the result of defective amelogenin-cell interactions.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Interactions of enamel extracellular matrix components with
cells are believed to be necessary for polarization, differentiation
and migration of ameloblasts, the cells that assemble and build one
of the most resilient mineralized tissues in mammalian body [1-3].
The main protein constituent of enamel extracellular matrix is
amelogenin, which is critically involved in the mineralization of
dental enamel [4,5]. Mutation in the amelogenin gene in humans

Abbreviation: Al, Amelogenisis Imperfecta; POPG, 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoglycerol; POPC, 1-palmitoyl-2-oleoylsn-glycero-3-
phosphocholine; POPA, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate; POPS, 1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-i-serine; POPI, 1-palmitoyl-2-oleoylsn-
glycero-3-phosphoinositol; POPS, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
Lserine; POPE, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine; TRAP,
tyrosine rich amelogenin polypeptides; ACML, ameloblast cell membrane-
mimicking lipid vesicles; NAF, net accessibility factor; FRET, fluorescence reso-
nance energy transfer; CD, circular dichroism; SUV, small unilamellar vesicles.
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leads to Amelogenesis Imperfecta, and complete deletion of the
amelogenin gene in mice leads to thin and aprismatic enamel [5,6].

The amelogenin protein is characterized by three prominent
amino acid domains: a hydrophobic 45-amino acid N-terminal
domain rich in tyrosine, a large central predominantly hydrophobic
proline-rich domain, and a C-terminal domain that is charged and
hydrophilic [7]. The primary structures of the N- and C-terminal
regions of amelogenin are almost completely conserved across
mammalian species, suggesting they are critical functional domains
that play important roles in amelogenesis [8]. Using bioinformatic
tools as well as NMR and circular dichroism (CD) spectroscopy
studies in solution, it has been determined that amelogenin be-
longs to the class of intrinsically disordered proteins (IDPs), and is
extended in its monomeric form [9]. The intrinsically disordered
nature provides amelogenin with conformational flexibility,
contributing to its ability to recognize different targets including
cell membrane. In the extracellular matrix amelogenin is likely to
be in contact with charged biological surfaces such as phospho-
lipids of the cell membrane, non-amelogenin proteins, calcium
phosphate ions and apatite mineral [10—14].

While the function of amelogenin in controlling apatite miner-
alization has been extensively studied, investigations of
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amelogenin in matrix-cell interactions have been limited. We
recently reported that interaction between amelogenin and SDS
micelles led to significant changes in its secondary structure. Using
CD and NMR we showed that the highly conserved N-terminal
domain is prone to form a helical structure when bound to SDS
micelles [15]. We further reported that amelogenin possesses
liposome-binding ability with a disordered-to-ordered conforma-
tional change [16].

Four different amelogenin mutants containing only a single
tryptophan (Trp161, Trp112, Trp45 or Trp25) were used for fluo-
rescence analysis [17]. By creating these single-tryptophan amelo-
genins, which behaved in the same way as the wild type, we were
able to identify phospholipid-interacting domains. Similar to our
previous studies, we used two small unilamellar vesicles: an
ameloblast cell membrane-mimicking model (ACML) and a nega-
tively charged membrane model (POPG) [16]. The composition of
ACML, [zwitterionic phospholipids (POPC and POPE) and anionic
phospholipids (POPS)], was based on lipid composition information
available in the literature for ameloblasts [18]. Comparison of the
intrinsic fluorescence of each of the Trp mutants in the presence
and absence of liposomes elucidated their binding affinity and
revealed the regions with strongest binding. By analyzing the
accessibility of the Trp residue to quencher in each mutant and
measuring the fluorescence resonance energy transfer (FRET) from
the Trp to the dansyl group on the liposome, we determined which
region of amelogenin bound most strongly to which liposome
model.

2. Materials and methods
2.1. Protein and peptide preparation

Site-directed mutagenesis was carried out on the DNA template
of full-length porcine amelogenin rP172 to generate four mutant
proteins, specifically rP172(W25Y,W45Y), rP172[(W25Y,W45Y,-
W161Y),(F112W)], rP172(W25Y,W161Y), and rP172(W45Y,W161Y),
and using Quick Change mutagenesis (Agilent Technologies) as
described elsewhere [15,17]. These mutants were designed such
that each has only one tryptophan in its entire sequence. We refer
to them here as rP172W161, rP172W112, rP172W45 and rP172W25
according to the single tryptophan remaining in the sequence. The
tryptophan mutants of amelogenin (rP172) were produced using
Escherichia coli BL21-codon plus ((DE3)-RP, Stratagene, La Jolla, CA),
expressed and purified as previously described. After selective
fractionation using 20% ammonium sulfate, each mutant was dis-
solved in 0.1% TFA, loaded on a reverse-phase C4 column
(10 x 250 mm?, 5 um), mounted on a VarianProstar HPLC system
(ProStar/Dynamics 6, version 6.41 Varian, Palo Alto, CA) and eluted
with a linear gradient of 60% acetonitrile at a flow rate of 1.5 mL/
min. Similar to recombinant porcine amelogenin (rP172), these
tryptophan mutants lack the N-terminal methionine and the
phosphate in the serine at the 16™ position (Fig. 1A). The C-terminal
(M'"°-D'73) 25 amino acid residue peptide (25 C-term) and the
TRAP polypeptide (residues M'-W#) were synthesized at the
Microchemical Core Laboratory at the University of Southern Cali-
fornia, using the Pioneer peptide synthesizer (Applied Biosystems,
Foster City, CA) following the N-Fmoc-L-aminoacid penta-
fluorophyenyl ester/HOBt coupling method. Peptides were purified
by reversed-phase HPLC (C4—214TP54 column or C18 column;
Vydac/The Separations Group, Hesperia, CA). The homogeneity was
confirmed by analytical chromatography and ESI-MS
measurements.
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Fig. 1. (A) Amino acid sequence of porcine amelogenin (rP172). Residues denoted in
red indicate the positions that were selectively mutated to generate the three double
mutants and one triple mutant used in this study. The region underlined in black
represents the sequence of the C-terminal 25-mer and that underlined in red repre-
sents the sequence of TRAP (note that TRAP had additional Met at the N-terminal). (B)
Circular dichroism spectra show the secondary structure comparison of monomeric
tryptophan mutants with the wild-type rP172 recorded at pH 3.5. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)

2.2. Preparation of small unilamellar lipid vesicles

POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol),
POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine), POPA
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate), POPS (1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine),  POPI  (1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoinositol), = POPS  (1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine) and POPE (1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine) were
purchased from Avanti polar lipids, Birmingham, Al, USA. Small
unilamellar vesicles (SUVs) were prepared according to the
following protocol. Ameloblast cell membrane-mimicking lipid
vesicles (ACML) were prepared by mixing dry lipids POPC:POPE:-
POPI:POPS:POPA:Cardiolipin at a ratio of 1:2:2:2:1:2 mol/mol and
dissolved in the solvent mixture (POPE was substituted with 18:1
dansyl PE for FRET experiments). Thin films of POPG and ACML
were made by dissolving the appropriate amount of dry lipid
powders in chloroform/methanol followed by the evaporation of
the solvent mixture under a nitrogen stream. The lipid films were
subjected to overnight desiccation and then hydrated in a defined
volume of 25 mM Tris buffer (pH 8.0) to obtain a final concentration
of 10 mM. This procedure resulted in a distinctly hazy solution
characteristic of a suspension of large multilamellar vesicles.
Following a standard protocol, large multilamellar vesicles were
converted to SUVs by sonication in a water bath at 42 kHz in a
borosilicate glass vial (12 mm diameter) for 30—40 min. The size
and homogeneity of the prepared SUVs were confirmed using DLS
as previously reported; 300 uM of each POPG and ACML SUVs had
radii of 14.3 + 0.7 and 12.2 + 0.2 respectively [16].

2.3. Protein sample preparation

The stock solutions of rP172 tryptophan mutants were prepared
by dissolving 3—4 mg of pure and lyophilized protein in 1 mL of
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deionized water. The samples were rocked at 4 °C for 24—36 h to
ensure maximum solubility. The solution thus obtained was further
centrifuged at 10,000 g for 1 hat 4 °C, in order to avoid un-dissolved
aggregates. Stock concentrations were measured through absorp-
tion at 280 nm using a NanoDrop ND-1000 spectrophotometer
(NanoDrop Products, Wilmington, DE). An appropriate amount of
buffer (25 mM Tris at pH 8.0) was added to dilute the protein stock
to a final concentration of 10 uM. For titration experiments, indi-
vidual samples with specific protein/lipid ratios were prepared and
used. In all the experiments the final reaction volume used was
100 pL.

2.4. Tryptophan fluorescence spectroscopy

As all rP172 mutants had single tryptophan residue, their spe-
cific intrinsic fluorescence spectra were first obtained on a PTI
QuantaMaster QM-4SE instrument (Photon Technology Interna-
tional, Birmingham, NJ) by exciting them at 295 nm. The extent of
the lipid binding of each mutant was studied by monitoring the
change in the Trp fluorescence emission (intensity and blue shift)
between 310 and 400 nm upon addition of SUVs of various lipid
compositions. Amelogenin-lipid binding studies were carried out
by adding appropriate volumes of lipid vesicles (POPG or ACML)
from a 10 mM lipid stock into a sample containing 10 puM rP172
tryptophan mutant to obtain a lipid concentration range of
10—1000 puM. For each lipid-rP172 mutant concentration, experi-
ments were carried out separately. Corresponding solutions
without rP172 tryptophan mutant were used to correct for back-
ground and SUV scattering contributions to the fluorescence signal,
and spectra were also corrected for dilution effects. The data pre-
sented are maximal changes observed at a lipid/protein molar ratio
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of 100:1.

2.5. Acrylamide quenching of tryptophan fluorescence

The extent of the burial of tryptophan residues in the lipid
environment was determined by monitoring the quenching of
fluorescence intensity upon addition of successive 1 pL doses of
acrylamide from a stock solution of 5 M acrylamide to obtain
concentrations ranging from 0.05 M to 0.25 M, in the absence and
presence of lipid vesicles. Stern-Volmer plots were generated using
the equation:

Fo/F =1+ Ksv[Q]

where Fy and F are the fluorescence intensity in the absence and
presence of acrylamide quencher, respectively; [Q] is the concen-
tration of the quencher used; and Ksy is the Stern—Volmer
quenching constant obtained from the slope of the curve. The net
accessibility factor (NAF) was calculated from the ratio of Ksy ob-
tained from quenching of tryptophan fluorescence in the presence
of lipid vesicles to its value in the absence of lipid vesicles [19].

2.6. Binding of rP172 tryptophan mutants to lipid vesicles by FRET

Fluorescence resonance energy transfer (FRET) from the Trp
residue of each rP172 tryptophan mutant to the dansyl (DNS)
chromophore in the lipid vesicles was determined by setting the
excitation monochromator at 295 nm and monitoring the fluores-
cence emission between 300 and 550 nm. Lipid vesicles were
doped with 2 mol % of DNS-PE in buffer. The plots of FRET intensity
shown are maximal changes observed at a lipid/protein ratio of
20:1.
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Fig. 2. Comparison of fluorescence emission spectra of tryptophan mutants shows the extent of their specific blue shifts in the presence of liposomes. The inset in each figure gives
the Amax of each mutant in its given environment. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2.7. Circular dichroism spectroscopy

Comparisons of the secondary structural properties of all the
tryptophan mutants with their wild type counterpart (rP172) was
done by acquiring their corresponding far-UV CD spectrum on a
JASCO J-815 spectropolarimeter at pH 3.5. The concentrations of all
the protein samples were maintained at 10 uM while a sample
volume of 200 pL was placed in a 0.1 cm path length cuvette to
record each spectrum. The temperature was maintained at 22 °C
throughout. Three independent scans were recorded from 190 to
260 nm with a resolution of 0.5 nm and at a rate of 50 nm per min
and averaged. The data were presented in the form of mean residue
molar ellipticity.

3. Results

Amelogenin has three tryptophan residues, which reside at the
25™, 45% and 161% positions, and one phenylanaline at position 112
(Fig. 1A). The four mutant amelogenins used in our study were
designed in such a way that each of the mutants has only one Trp
residue in its entire sequence, and that Trp is present at one of the
aforementioned positions. Through dynamic light scattering (DLS)
studies we have demonstrated that these Trp mutants have similar
self-assembly behavior to the wild-type rP172 at both pH 5.5
(forming oligomers) and pH 8.0 (forming nanospheres) [17].
Further, circular dichroism studies of the mutants in their mono-
meric form confirmed that their secondary structures are highly
comparable to that of their wild type counterpart (Fig. 1B). Thus
these mutants should be structurally and functionally similar to the
wild type rP172 and they do not belong to the category of mutants
that might cause Amelogenesis Imperfecta Al [6,17,20].

We analyzed the maximum binding ability of amelogenin mu-
tants with the liposomes (SUV's) at pH 8.0, closest to physiological
pH. The rP172 Trp mutants were studied as they interacted with the
negatively charged liposome POPG and the ACML separately in
order to identify the regions of amelogenin that interact with
membranes. The presence of POPG or ACML caused a shift in the
fluorescence emission maxima (Amax) of all the mutants (Fig. 2). The
extent to which each mutant interacted with liposomes was
evident from their blue shifted maximal emission values in the
presence of the liposomes. In the absence of liposomes, the Trp
residues at positions 25 and 45 were buried and therefore there
was a blue shift (lower Amax) in their intrinsic emission when
compared to their monomers recorded at pH 3.5 (data not shown
here). This is because nanosphere assembly at pH 8.0 mainly occurs
via protein—protein interactions at the N-terminal region [17,21].
Following the addition of POPG and ACML liposomes, the N-ter-
minal mutants rP172-W25 and rP172-W45 showed blue shifts
(lower Amax, inset in Fig. 2A and B). rP172-W112 and rP172-W161
exhibited Amax of 344 and 347 nm, respectively, indicating the
presence of Trp residue in an aqueous environment. Addition of
liposomes did not result in a significant change in their A,y values
(Fig. 2C and D). The accessibility of Trp to the aqueous quencher
acrylamide was examined to shed light on the region of amelogenin
responsible for liposome binding.

The accessibility of Trp residues in the rP172 Trp mutants to
acrylamide is presented as a net accessibility factor (NAF) in Fig. 3A.
As indicated in the NAF plot in Fig. 3A, the Trp residues in rP172-
W25 and rP172-W45 proteins are more shielded (lower NAF
values 30—55) than those of Trp in rP172-W161 (higher NAF values
75—90), which suggests either self-association or association with
POPG and ACML lipid vesicles. Note that the fluorescence quench-
ing of the intrinsic tryptophan emissions of rP172-W112 and rP172-
W161 were much higher in the presence of POPG and ACML lipid
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Fig. 3. (A) Net accessibility factors (NAF) obtained from acrylamide quenching studies
of Trp fluorescence of mutants in presence liposomes, lesser NAF value in W25, W45
and W161 signifies that Trp of these mutants are greatly buried in the hydrophobic
core of lipid. (B) Comparison of FRET values of Trp mutants bound to DNS probed POPG
and ACML lipid vesicles. Higher the FRET value (as noticed in ACML bound W25 and
WA45) shorter should be the distance between the probe of the particular vesicle with
the Trp of the mutant due to strong interaction.

vesicles, as reflected by NAF values. This indicates that the C-ter-
minal regions should be completely exposed or easily accessible for
the quencher during amelogenin membrane interactions reflecting
its least involvement in the binding.

Fig. 3B shows a plot of FRET intensity (I-Ip)/lp for rP172 Trp
mutants in the presence of lipid vesicles. The FRET signal shown is
calculated as I-Ip, where I is the intensity at 520 nm and Iy is the
intensity for a solution of the lipid alone, without protein. The plots
of FRET intensity shown are maximal changes observed at a lipid/
protein ratio of 20:1. Higher intensity indicates closer interactions.
The relatively high FRET value (1.84) of rP172-W25 in ACML lipid
vesicles showed very clearly that the N-terminal region of rP172
had much higher affinity towards ACML than POPG at pH 8.0 (0.77)
(Fig. 3B).

Addition of POPG or ACML to the C-terminal 25-mer synthetic
peptide that encompasses the W161 area (black underlined in
Fig. 1A) did not cause any shift in the fluorescence spectra (Fig. 4B)
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Fig. 4. Fluorescence emission spectra show that TRAP peptide (A) has increased blue shifted Amax values in presence of POPG and ACML when compared with C-terminal 25mer

peptide (B). (For interpretation of the references to colour in this figure legend, the rea

while 45 amino acid N-terminal TRAP which includes W25 and
W45 (red underline in Fig. 1A) showed significant blue shifts while
interacting with ACML (AAmax = 5) and POPG (Almax = 3) (Fig. 4A)
with ACML being stronger.

4. Discussion

In order to give insight into the interactions of amelogenin
containing enamel extracellular matrix with ameloblast cells, we
investigated binding of a series of recombinant Trp mutant ame-
logenins with liposomes. Site-directed mutagenesis was applied to
change the Trp to Tyr residues in such a way that each mutant had
only one Trp residue and therefore the membrane-interacting re-
gions of rP172 could be determined. We investigated the fluores-
cence properties of the Trp residues of rP172-W25, rP172-W45,
rP172-W112 and rP172-W161 at pH 8.0, in the presence of POPG
and ACML liposomes. At pH 8.0 the amelogenin Trp mutants self-
assembled, leading to the burial of N-terminal Trp into a hydro-
phobic pocket even without liposomes, and hence there was only a
subtle difference between the Apax values in the presence and
absence of liposomes. The N-terminal has comparatively stronger
interactions with the liposomes than the middle or the C-terminal
regions.

The NAF curves showed that rP172-W25 and rP172-W45 had
lower NAF values (less accessible) than rP172-W112 and rP172-
W161, revealing that the former have greater affinity to both the
liposomes (Fig. 3A). The NAF values also revealed that rP172-W112
interacts less with ACML than with POPG. The data became more
convincing in light of the FRET analysis (Fig. 3B) since a FRET value
is a measure of the amount of energy transferred from Trp to the
dansyl chromophore in the liposome. A high FRET value therefore
suggests that the Trp is buried in the liposome and is closer to the
chromophore. FRET indicated that rP172-W25 and rP172-W45
(representing the N-terminal) have greater interaction with lipo-
somes than the molecules representing the central region (rP172-
W112).

Most notably, rP172-W25 showed enhanced interaction with
ACML as compared to POPG. Moreover examination of TRAP and C-
terminal 25-mer peptides confirmed that neither POPG nor ACML
interacted with the C-terminal peptide (Fig. 4B) under similar
conditions, while the N-terminal TRAP had greater interactions
with ACML than with POPG (Fig. 4A).

Further investigation is required to demonstrate amelogenin-
ameloblast interactions at a molecular level in-vivo. However our
present in-vitro studies hints that the N-terminal domain of

der is referred to the web version of this article.)

amelogenin has the intrinsic ability to interact with ameloblast
membranes and undergoes significant structural reorganization
during the process of binding to them. The functional significance
of the N- and C-terminal regions of amelogenin is evident from the
fact that their sequences have remained unchanged for 360 million
years [8]. Domains at both the N- and C-termini were reported to be
involved in amelogenin—amelogenin as well as amelogenin-
mineral interactions [12,22—24]. At least two mutations in the
amelogenin N-terminal that have been observed in humans (T21I
and P41T) are known to cause Amelogenesis imperfecta. In vitro
studies have further shown that these mutations or deletion of the
N-terminal conserved sequences lead to misfolding and uncon-
trolled aggregation of amelogenin [17,20,25,26]. The observation
that the thin enamel seen in amelogenin knockout mice lacks
prismatic-inter-prismatic architecture supports the notion that
matrix-cell binding may be disturbed in the absence of amelogenin
[27]. We suggest that, among other mechanisms, enamel malfor-
mation in cases of Amelogenesis Imperfecta with mutations at the
amelogenin N-terminal may be the result of defective amelogenin-
cell interactions.
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