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The Role of Secondary Structure in the Entropically Driven
Amelogenin Self-Assembly
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ABSTRACT Amelogenin, the major extracellular enamel matrix protein, plays critical roles in controlling enamel mineralization.
This generally hydrophobic protein self-assembles to form nanosphere structures under certain solution conditions. To gain clearer
insight into the mechanisms of amelogenin self-assembly, we first investigated the occurrences of secondary structures within its
sequence. By applying isothermal titration calorimetry (ITC), we determined the thermodynamic parameters associated with
protein-protein interactions and with conformational changes during self-assembly. The recombinant porcine full length (rP172)
and a truncated amelogenin lacking the hydrophilic C-terminal (rP148) were used. Circular dichroism (CD) measurements
performed at low concentrations (<5 uM) revealed the presence of the polyproline-type Il (PPII) conformation in both amelogenins
in addition to a-helix and unordered conformations. Structural transition from PPIl/unordered to B-sheet was observed for both
proteins at higher concentrations (>62.5 uM) and upon self-assembly. ITC measurements indicated that the self-assembly of
rP172 and rP148 is entropically driven (+AS,) and energetically favorable (—AGa). The magnitude of enthalpy (AH,) and entropy
changes of assembly (AS,) were smaller for rP148 than rP172, whereas the Gibbs free energy change of assembly (AGa) was not
significantly different. It was found that rP172 had higher PPl content than rP148, and the monomer-multimer equilibrium for rP172
was observed in a narrower protein concentration range when compared to rP148. The large positive enthalpy and entropy
changes in both cases are attributed to the release of ordered water molecules and the associated entropy gain (due to the
hydrophobic effect). These findings suggest that PPIl conformation plays an important role in amelogenin self-assembly and that
rP172 assembly is more favorable than rP148. The data are direct evidence for the notion that hydrophobic interactions are the

main driving force for amelogenin self-assembly.

INTRODUCTION

During the secretory stage of enamel, the amelogenin-rich
organic matrix self-assembles to form nanosphere structures
that are aligned along the developing enamel crystallites (1).
Amelogenin is the most abundant dental enamel protein,
accounting for >90% of the total extracellular organic
matrix. Other components of the organic matrix include
enamelins, ameloblastins, proteinases, and amelotin (2). The
primary structure of amelogenin, which has been character-
ized as having a bipolar nature (hydrophobic-hydrophilic), is
highly conserved (>80% identity) among different species
(3). In rodents, removal of amelogenin resulted in hypomin-
eralized enamel that lacked the regular prism structure (4). It
has also been observed that removal of the conserved do-
mains in amelogenin sequence caused formation of defective
enamel (5). Abnormal human enamel formation has been
associated with mutations identified on amelogenin gene
(AMEL, 6). These results collectively highlight the signif-
icance of amelogenin self-assembly in orchestrating the
controlled and organized growth of crystals during enamel
biomineralization.
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Recombinant amelogenin self-assembles to form nano-
sphere structures with an apparent molecular mass of 2—3
million daltons in vitro (7). It has been proposed that the
assembly occurs through intermolecular hydrophobic inter-
actions with the charged C-terminus exposed on the surface
and the assembly properties depend on pH, temperature, and
protein concentration (8). Using small angle x-ray scattering,
Aichmayer et al. have provided additional support to show
that the charged C-terminal of the full-length amelogenin
prevents the excessive agglomeration of the nanospheres (9).
Although numerous investigators have reported structural
data, a clear model for amelogenin secondary structure is still
lacking. Renugopalakrishnan et al. have reported the sec-
ondary structural preferences of a native bovine amelogenin
lacking the hydrophilic C-terminal residues (10). Based on
the Chou-Fasman algorithm for theoretical calculations, a
high probability for appearance of 3-turns, their coiling into
a ‘‘B-spiral’’ structure, and the occurrence of polyproline-
type structures at the Pro-Pro segments were proposed (10).
Later, Goto et al. showed that the native full-length porcine
amelogenin had similar structural features and proposed that
the protein consisted of three independent folding units with
distinctive secondary structures (11). Despite recent studies,
ambiguity regarding understanding the secondary structure
of amelogenin still exists (12,13).

To better understand the molecular mechanisms of
amelogenin self-assembly and study the driving forces for
the formation of nanospheres, this study addresses the
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thermodynamics of amelogenin self-assembly and the role of
secondary structures in this process. We first investigated the
presence of different secondary structures in amelogenin
using circular dichroism (CD). We compared the CD spectra
of recombinant amelogenins rP172 and rP148 with poly(L)-
proline, which is known to adopt a polyproline left-handed II
helix (PPII) structure. Comparison with poly(L)proline was
justified because the amelogenin primary structure consists of
~23% proline. In a number of globular proteins, the PPII
structure is stabilized by the presence of proline at every third
residue, i.e., (PXXP), repeats, and many such repeats are
found in the primary structure of rP172 and rP148. In
addition, the sequence also contains amino acid residues that
have a high propensity to form PPII helix structure (14).

Isothermal titration calorimetry (ITC) is a sensitive tech-
nique that directly determines the thermodynamic parameters
of protein-protein or protein-ligand interactions (15). ITC
dilution experiments have been used to investigate the
monomer-dimer and monomer-heptamer equilibrium and
micellar assembly of antibiotic protein, lipids, and surfactants
(16-20). The large aggregation number of amelogenin
molecules within nanospheres suggests that they resemble
micellar assemblies of surfactants, making them appropriate
for analysis by ITC. The enthalpy changes associated with
amelogenin-amelogenin dissociation after dilution experi-
ments were measured, and the entropy changes were
estimated. Comparison between secondary structural changes
and thermodynamic parameters of assembly between recom-
binant full-length porcine amelogenin 1P172 and the trun-
cated one lacking the hydrophilic C-terminal 25 amino acids
(rP148) provided insight into the function of the hydrophilic
domain. Determining these thermodynamic parameters along
with the analysis of secondary structural changes has pro-
vided valuable insight into the driving force for protein-protein
interactions and contribution of conformational changes during
amelogenin self-assembly.

MATERIALS AND METHODS
Protein expression and purification

Recombinant porcine amelogenin (rP172) was expressed in Escherichia coli
strain BL21-codon plus (DE3-RP, Strategene, La Jolla, CA) and precipitated
by 20% ammonium sulfate (21). For the synthesis of rP148, a previously
cloned pig amelogenin cDNA construct encoding P173 was used as the
template for polymerase chain reaction-mediated site-directed mutagenesis.
The protein was expressed, purified, and characterized as described by Sun
et al. (22). Purification of the ammonium sulfate precipitate was performed
on a Varian (Palo Alto, CA) Prostar high performance liquid chromatog-
raphy system. The precipitate was dissolved in 0.1% trifluoro acid and
loaded onto a C4 column (10 mm X 250 mm, 5 u) and fractionated using a
linear gradient of 60% acetonitrile at a flow rate of 2 mL/min. The
homogeneity of the protein was confirmed by analytical chromatography
(C4, 2 mm X 250 mm, 5 w). Unlike full-length porcine amelogenin (P173),
1P172 lacks a methionine residue at first position and a phosphate at Ser'®.
rP148 differs from C-terminal truncated amelogenin proteolytic product
(‘“20k’’, P148), as it lacks the first methionine residue, a phosphate on Serlﬁ,
but has an extra methionine at position 149.
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Peptide synthesis and characterization

The C-terminal (M'*°-D'7?) 25 amino acid residue peptide (25 C-term) was
synthesized at the DNA core facilities at the University of Southern
California, using the Pioneer peptide synthesizer (Applied Biosystems,
Foster City, CA) using the N“-Fmoc-L-aminoacid pentafluorophyenyl ester/
HOBt coupling method. The crude peptide was purified on a C4 RP-HPLC
column and the homogeneity was confirmed by analytical chromatography
and ESI-MS measurements. The theoretical and experimental masses of the
peptide were 2883.27 and 2884.0 Da, respectively.

Circular dichroism spectroscopy

Far ultraviolet-CD spectra (260—190 nm) of amelogenins were recorded on a
Jasco (Tokyo, Japan) J-810 spectropolarimeter after calibrating the instru-
ment with (—) camphor sulfonic acid. All the measurements were carried out
at room temperature using 0.1/0.01 cm path length stoppered cuvettes. The
instrument optics were flushed with N, gas at a flow rate of 20 L/min. The
proteins/peptide were dissolved in cold 50 mM Tris-HCI buffer at a pH =
5.8 and refrigerated overnight. This pH was selected to avoid problems
associated with solubility of amelogenin at higher concentrations. The
concentration of rP172 and rP148 varied from 3 uM to 75 uM. The spectra
were recorded at a scan speed of 50 nm/min, 0.2 nm resolution, and 2 nm
bandwidth at 25°C. For each spectrum, a total of four scans was recorded,
averaged, and baseline subtracted. Poly-L-proline from Sigma-Aldrich (St.
Louis, MO) with degree of polymerization (DP) = 206 was used for
comparison. The mean residual weight (MRW) ellipticity (Oprw) Was
estimated using the equation

[0]yew = [0], X MRW/10 X 1X ¢,

where [0], is the observed ellipticity, MRW is defined as the M/N — 1 where
M is the molecular mass (M,p72 = 19572.5; Myp148 = 16838.5; Masc.ierm =
2883.3 Da) and N is the number of amino acid residues. / is the optical path
length, and c is the concentration of the protein (mg/mL). The a-helix
content in the presence of various amounts of 2,2,2-trifluoro ethanol (TFE)
was estimated as reported by Scholtz et al. (23). The helical content is
proportional to the MRW ellipticity at 222 nm, [6],2,. The percentage
helicity is calculated as

obs [6],,,/""6],,, X 100, where
m[g] = —40,000 X (1 — 2.5/N),

where N is the number of amino acid residues.

ATR-FTIR spectroscopy

Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-
FTIR) spectra of the proteins at various concentrations were recorded in
Tris-HCI buffer (pH = 5.8) on a Jasco-4100 spectrophotometer (Jasco,
Easton, MD) with a KRS-5 interferometer and DTGS detector; ~10 uL of
the protein sample was placed on an AMTIR (Pike Technologies, Madison,
WI) crystal and the spectra were collected using 64 scans at 4 cm™'
resolution, averaged, and the background subtracted. The contributions of
water and the background were subtracted from amelogenin solutions. The
resultant spectra were baseline corrected by a two-point line between 1550 and
1800 cm ™' and normalized over the concentration. The difference spectra was
obtained using the formula A — B * coefficient, where A and B represent the
spectra at higher and lower concentrations, respectively, and the coefficient is
the average intensity ratio of the internal standard (sodium perchlorate).

Isothermal titration calorimetry

ITC dilution experiments were performed using a CSC 4200 titration
calorimeter (Calorimetry Sciences, Provo, UT). The mixing cell had a
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volume of 1.3 mL. The calorimetric syringe was filled with a concentrated
solution of rP172 (200 uM) and rP148 (240 uM) in Tris-HCI buffer at pH =
5.8 at 25°C (for rP172) and at 20°C (for rP148). The sample and the
reference cells were also filled with the same buffer. The concentration
solutions were prepared in cold condition as mentioned before and degassed
before the titration. A 10 wL aliquot of the solution was injected into the
calorimetric cell (Ve = 1.34 mL) containing the same buffer and results in
~130 times dilution of amelogenins. Each injection was carried out at 300-s
intervals to allow the solution to reach the equilibrium and the cell was
stirred continuously at 300 rpm. The assembled amelogenins disintegrated
into monomer/oligomer, a process accompanied by absorption or evolution
of heat. As more and more amelogenin was injected into the cell, the injected
assembled amelogenin no longer disintegrated and the heat of disassembly
decreased. The midpoint of the transition was determined by first derivative
curve. Since a nanosphere is assumed to be a micellar aggregate, the
midpoint of the transition was taken as the critical micellar concentration
(CMC). The CMC s related to the Gibbs free energy by the equation

where R is the gas constant and T is the absolute temperature in Kelvin. The
factor Cy, denotes the concentration of water and taken as 55.5 M. Using
the equation

AGA - AHA - TASA,

the entropy of aggregation has been determined. The enthalpy of disassem-
bly was estimated using the equation provided by Heerklotz et al. (24). The
validity of measurement was defined by the dimensionless parameter ¢ =
Cinj/Kq, which must lie between 10 and 10,000, where Ci,j and Ky are the
concentration of the protein in the syringe and dissociation constant,
respectively (25). The values of 1905 and 2243 were obtained for rP172 and
rP148, respectively.

Dynamic light scattering

Dynamic light scattering (DLS) measurements were carried out on a
DynaPro Protein Solutions (Wyatt Technologies, Santa Barbara, CA)
instrument equipped with a solid-state laser operating at 655 nm with a
temperature-controlled microsampler at 20°C. Proteins were dissolved (5
and 200 uM for rP172, and 5 and 240 uM for rP148) in 50 mM Tris-HCI
buffer at pH 5.8. The autocorrelation function of the signal from the scattered
intensity was measured by a multifunctional digital correlator. The nor-
malized intensity correlation function was analyzed by a regularization
method included in the data analysis software (Dynamics V6.3.01) to give
the information on the distribution of the exponential decay function with
decay rate I'. The translational diffusion coefficient can be determined
through T = Dg?. The hydrodynamic radius Ry = kT/(67rnD), where k is the
Boltzmann constant, 1 the solvent viscosity, and T the temperature. The
mass distribution of the radius is calculated from the intensity distribution
via a simplified form of the Rayleigh equation. A data-collecting strategy of
multiple runs at short acquisition time was employed. The acquisition time
was set at 10 s. The experiment continued for 40—-50 runs that corresponded
to 6-8 min. The data analysis software was able to analyze the correlation
function of each individual run as well as the whole experiment. The latter
gave the statistically averaged size distribution analysis.

RESULTS

Secondary structural preferences of amelogenins
analyzed by CD and ATR-FTIR spectroscopy

Poly(L)proline, which was used as a positive control,
exhibited a strong negative band at 206 nm (7 — 7¥) and
a weak positive band at 229 nm (n — =*), which is
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considered to be the hallmark of the left-handed PPII helix
structure (Fig. 1 A). For both rP172 and rP148, the spectra
were characterized by the presence of a negative dichroic
minima at 202 nm and a weak shoulder in the n — 7* region
(215-230) nm, as was observed in the native porcine
amelogenins (11). The position of the Cotton band at 206 nm
for polyproline was, however, blue shifted to 202 nm for
rP172 and rP148, due to the smaller amounts of tertiary
amide groups. The absence of a positive band in the n — 7*
region and the presence of a weak shoulder suggests the
coexistence of an ordered structure (a-helix/3-sheet), along
with the unordered/PPII structure or due to the contribution
from aromatic amino acids (Fig. 1 A) (26). Two additional
experiments were performed to confirm the presence of PPII
structure in rP172 and rP148. Unlike other secondary struc-
tures, the PPII conformation does not depend on intramo-
lecular hydrogen bonding; therefore, addition of chaotropic
agents such as guanidine hydrochloride or urea will enhance
the appearance of PPII structure (27).

As shown in Fig. 1 B, the negative band at 226 nm for
rP172 and rP148 became positive in the presence of 8 M
guanidine hydrochloride. The increase intensity is higher for
rP172 compared to rP148, indicating a higher amount of PPII
structure in rP172. Also consistent with the proteins that
contain a significant amount of PPII conformation, addition
of 2 M CaCl, decreased the ellipticity at 226 nm (Fig. 1 C).
The detail of molecular conformation of the C-terminal 25
amino acid was obtained by subtracting the CD spectra of
rP172 from rP148, which showed a random-coil structure
(data not shown). Consistent with the predicted random coil
structure, the synthetic C-terminal peptide (25 C-term) showed
a negative peak at 198 nm and no shoulder was observed in
the n — * region (Fig. 1 A). Addition of 8 M guanidine
hydrochloride resulted in a negligible increase in the intensity
at 226 nm confirming that the C-terminus as an isolated entity
exists as a truly unordered conformation (Fig. 1 B).

The N-terminus and the central region of amelogenin
contain a significant amount of hydrophobic amino acid
residues (28). To probe the environment around the hydro-
phobic residues, we analyzed the CD spectra of rP172 and
rP148 in TFE. TFE is known to induce helical structures in
peptides and proteins that have an intrinsic propensity to
form native-like helical structures. The dielectric constant of
TFE resembles that of the interior of the protein and has been
shown to promote the structure formation by minimizing the
exposure of the peptide backbone to water (29-31). Fig. 2
shows the CD spectra of rP172 and rP148 at various
concentrations of TFE. Addition of small amounts of TFE
(10%) had a dramatic effect on the conformation of rP172
(Fig. 2 A). The spectrum was characterized by a negative
minimum at 207 nm, a shoulder around 222 nm, and a weak
maximum at 192 nm, indicating the presence of a helical
structure. Increasing the concentration of TFE induced
double minima at 207 nm and 222 nm and a large increase
in the positive maximum at 192 nm, suggesting the increased
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FIGURE 1 CD spectra of recombinant porcine amelogenins in (A) Tris-

HCI buffer at pH = 5.8 at 25°C. The concentrations of the protein used are
[fP172] = 5 uM; [1P148] = 3 uM; [25 C-term] = 34.5 uM; and
[poly(proline)] = 6 uM. (B) Tris-HCI buffer containing 8 M guanidine
hydrochloride; (C) in Tris-HCI buffer containing 2 M CaCl,.

population of helical structures. Maximum helical content
was reached at 30% TFE, as shown by the increase in the
intensity at [6],,, (Table 1). Further addition of TFE
decreased the helical population, and a plateau was reached
at concentrations above 50%. In the presence of 10% TFE,
the conformation of rP148 was not altered significantly
(Fig. 2 B).
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FIGURE 2 CD spectra of rP172 (A) and rP148 (B) at various amounts of
TFE at 25°C. The concentration of [rP172] = 5 uM and [rP148] = 6 uM.

At increasing concentrations of TFE, however, rP148
exhibited behavior similar to rP172. The maximum helical
content was observed at 50% TFE for rP148. The CD
spectral characteristics of tP172 and rP148 were different
from a typical spectrum for a a-helix, suggesting a
significant population of 3;p-helix (32,33). The criterion
for distinguishing conformationally related 3¢ and a-helix
by CD is the intensity ratio at 222 nm over 208 nm, R-value
(= [61222/[0)208). The right-handed 3;o-helix displays a
negative band at 207 nm and a weak shoulder around 222 nm
with the R-value being ~0.4; for an a-helix this ratio is close
to unity, and a value between 0.4 and 1.0 suggests the
presence of interconverting populations of «-helix and
3,0-helix. The R-value varied from 0.5 to 0.75 for rP172
and rP148, indicating the presence of lower populations of
a-helical structures. The estimated a-helical content was low
for both rP172 and rP148 even at high amounts of TFE (Table
1). Both rP172 and rP148 exhibited TFE-dependent isoelliptic
points at 204 nm and 207 nm, respectively, indicating a two-
state equilibrium between unordered/PPII and helical confor-
mations. The transition from a flexible to a-helical structure
suggests the intrinsic tendency of amelogenin to self-orient
to more ordered structures. The presence of lower amounts
of helical structures at the initial addition of TFE for rP148
indicates a reduced tendency to form helical structures after
removal of the C-terminal 24 amino acid residues.

Biophysical Journal 93(10) 3664-3674



3668

Lakshminarayanan et al.

TABLE 1 Estimated a-helix content and R-values for rP172 and rP148 in various amount of trifluoroethanol
R-value (=60,2,/60597) —05,, deg cm? dmol ™! % a-helix

% TFE rP172 rP148 rP172 rP148 rP172 rP148
10 0.5 0.35 3140 3231 8.0 8.2
20 0.55 0.55 4461 4854 11.3 12.3
30 0.74 0.54 7601 5793 19.3 14.7
40 0.61 0.56 5416 5780 13.7 14.7
50 0.63 0.56 4561 6190 11.6 15.7

Analysis of amelogenin particle size distribution by DLS
of diluted (5 M) solutions of rP172 at 20°C indicated the
existence of monomers or dimers of amelogenin of size 4.1
nm, whereas in the concentrated solution (200 uM) two
scattering populations were observed: a higher amount of
25.2 nm and smaller amount of larger 103.1 nm particles
(Fig. 3, A and C). rP148, on the other hand, contained 3.6 nm
particles at low concentrations (6 wM) and higher amounts of
33.3 nm particles with smaller amounts of larger sized
particles in concentrated solutions (240 uM) (Fig. 3, B and
D). These results demonstrate that both rP172 and rP148
existed as higher order protomers (nanospheres) in concen-
trated solutions at pH 5.8. To investigate possible conforma-
tional changes upon self-assembly, we have recorded the CD
spectrum of rP148 and rP172 as a function of protein con-
centration. The results show that both rP172 and rP148 undergo
significant conformational changes upon self-assembly.

For rP172, at the highest concentration the negative
ellipticity observed at 202 nm became slightly positive, and a
new negative minimum was observed around 212 nm (Fig. 4
A). For 1P148 a negative minimum around 212 nm was
observed (Fig. 4 B). The difference spectra, obtained by
subtracting the CD spectra at high concentrations from the
one at low concentrations, give details of the conformational
changes (Fig. 4 C). Both rP172 and rP148 exhibited a

negative minimum at 212 nm and a maximum at 198/200
nm. The presence of a positive band around 198 nm and a
negative minimum around 212 nm indicated the presence of
B-sheet structure. We have also recorded the CD spectra by
diluting a concentrated stock solution of amelogenin (data
not shown). A structural transition from B-sheet to PPII/
unordered structure was observed upon dilution, indicating
that the B-structured aggregates can be dissociated by
dilution in a reversible process.

To further confirm the CD observations regarding the
conformational changes of amelogenin upon self-assembly,
we analyzed the ATR-FTIR spectra of rP172 and rP148. Fig.
5, A and B, shows the amide I band of rP172 and rP148 at
two different concentrations. The band maximum around
1642 cm ™! indicates the presence of an unordered structure.
Assembly resulted in an apparent broadening of the amide I
band. The difference spectrum for rP172 indicates a
maximum around 1630 cm ™', suggesting a B-sheet structure
(Fig. 5 A, inset). On the other hand, the difference spectrum
of rP148 shows a number of peaks in the amide I region (Fig.
5 B, inset). A peak around 1612 cm™' and 1680 cm™'
indicates the presence of (B-sheet and antiparallel SB-sheet
structures, respectively, whereas an additional peak at 1651
cm ! indicates the presence of a-helical structures. These
results indicate that although various conformations are
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FIGURE 4 CD spectra of rP172 (A) and rP148 (B) at two different
concentrations in Tris-HCI buffer (pH = 5.8). The difference spectra
obtained by subtracting the spectrum at higher concentration from the one at
lower concentration is shown in C.

observed in rP148 assemblies, rP172 assemblies exhibit a
more uniform conformation.

Thermodynamic parameters for self-assembly as
analyzed by ITC

Concentrated solutions of rP172 and rP148 were taken in the
syringe and 10 uL aliquots were injected in a stepwise
manner into an adiabatic cell that contained the buffer. Each
injection produced exothermic heat change caused by the
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disintegration of amelogenin nanospheres into monomer/
dimers. After the addition of amelogenin and after a par-
ticular concentration was reached in the cell, the nanospheres
were no longer disassembled and the heat change remained
constant due to the dilution of the nanospheres (Fig. 6 A).
Integration of the power peaks and normalization of the heat
by injected mole number gave the molar heat of disassembly
(Fig. 6 B). The changes in enthalpy and free energy of
assembly (that is equal in magnitude to but has the opposite
sign of disassembly) were calculated using the equation
reported by Heerklotz et al. (19,25). The results show that
self-assembly of amelogenin was driven by favorable en-
tropy (positive) and unfavorable enthalpy (endothermic)
changes (Table 2). The enthalpy and entropy changes
involved in rP172 were much higher than rP148. Removal
of the C-terminal 24 amino acids resulted in a slight decrease
of the thermodynamic stability (~0.7 kJ/mole). The midpoint
of the titration was obtained by taking the first derivative of the
plot in Fig. 6 B against the total concentration in the cell (Fig.
6 C). The derivative curve shows that at pH 5.8 and tem-
perature 20°C/25°C amelogenin started to assemble at 6.1 uM
(for rP172) and 5.8 uM (for rP148) and that the monomer-
multimer equilibrium for rP148 took place over a broader
concentration range than that of rP172.

DISCUSSION

Organized assembly of proteins at the mineral interface is
key to the formation of hierarchical structures observed in a
number of mineralized tissues (34-37). In the case of
enamel, and as documented by numerous in vivo and in vitro
studies, amelogenin self-assembly is critical to the oriented
and elongated growth of crystallites within enamel prisms
and therefore for normal enamel formation (3,7,8,38). To
better understand the molecular mechanisms of amelogenin
self-assembly, we used CD and FTIR spectroscopy to ana-
lyze secondary structural preferences within amelogenin
sequences. We then applied ITC to analyze thermodynamic
parameters for protein-protein interactions as well as con-
formational changes during self-assembly. We report that
besides a-helix and unordered conformations, PPII confor-
mations are present in amelogenin, a secondary structure we
suggest to be critical for amelogenin self-assembly. Amelo-
genin undergoes secondary structural transition from PPII/
unordered structure to 3-sheet upon self-assembly, and the
main driving force for amelogenin self-assembly is the
entropy gain due to hydrophobic effect.

Secondary structures in amelogenin

Evidence for the presence of PPIl conformation
Proline is an alicyclic amino acid, i.e., the side chain is
cyclized back to the amide backbone. The presence of an

alicyclic ring has three important consequences: i), the
dihedral angle ¢ (= —65°) becomes more restricted, ii), the
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bulkiness of the N-CH, group restricts the residue preceding
proline, and iii), the nitrogen of the proline lacks the
hydrogen bonding because of the presence of N-CH,, which
together with the bulkiness produces the well-known *‘helix/
B-sheet breaker’’ effect (39). These place restrictions on the
Xaa-Pro bond, where Xaa is any amino acid other than
proline. The Pro-Pro bond is even more constrained with
¢ = —78° and ¢y = +146° and adopts a PPII conformation
(39). Increasingly compelling evidence suggests that PPII is
the major conformation in a number of proteins that have
unordered structures (40). PPII is a left-handed helix
structure with three residues per turn and does not contain
intramolecular hydrogen bonds.

By performing CD experiments in the presence of neutral
salts we showed that amelogenin has a PPII structure.
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However, the absence of a positive band near 220 nm
without the denaturant at room temperature suggests that
PPII is not a dominant conformation in amelogenin. It
has been shown that decreasing the temperature increases
the population of this conformation with a well-defined
isoelliptic point at 213 nm (41,42). This has been previously
observed for native full-length porcine (25 kDa) and
recombinant murine (rM179) amelogenins, further support-
ing the presence of PPII structure in rP172 and rP148
(11,12). The well-defined isoelliptic point indicates two-state
equilibrium between PPII and truly unordered conforma-
tion (41). Our CD data here show that both rP172 and
rP148 contain a PPII-extended helix and unordered con-
formations and that rP172 has a higher PPII content than
rP148.
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Since the amide group in PPII conformation is hydrogen
bonded to solvent water rather than with the other amide
groups, addition of poorly hydrogen-bonded solvent re-
moves this conformation. Therefore, addition of various
amounts of TFE shifted the conformation of rP172 and
rP148 to right-handed helix conformations with an isoelliptic
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TABLE 2 Thermodynamic parameters for the monomer-
multimer equilibria for rP172 and rP148 obtained by the ITC
dilution experiments

Protein AG, kJ/mole AH 5, kJ/mole AS 5, kJ/mole
rP172 —39.8 +200.7 807.2
rP148 —39.1 +32.4 243.9

point at 204 nm for rP172 and 207 nm for rP148. R-values
between 0.4 and 1.0 suggest the coexistence of 31o- and
a-helix conformations in rP172 and rP148. The presence of
3io-helix and smaller amounts of «-helix suggest the
intrinsic propensity of amelogenin to form an ordered struc-
ture in a membrane-like environment where other macro-
molecules are available for binding. It is likely that, under in
vivo conditions, portions of rP172 can adopt 3;¢-/a-helix
conformations that may depend on phosphorylation and
intermolecular interactions with other proteins/cellular com-
ponents.

PPIl/unordered to B-sheet conformational transition
upon self-assembly

We have used DLS to confirm that at pH 5.8 and at higher
protein concentration (200 uM) the self-assembly of amelo-
genin is favored, compared to diluted solutions (5 uM) where
amelogenins mostly exist as monomers or dimers. At higher
concentrations, rP172 and rP148 undergo considerable
structural transformation from a relatively flexible PPII/
unordered conformation to an ordered conformation. Such a
structural transition is strong support for the notion that
amelogenin nanospheres are the result of organized assembly
of amelogenin monomers (43). Since the CD spectra of a
protein is a linear combination of secondary structural ele-
ments present, difference spectra recorded at different con-
ditions would highlight the conformational changes involved.
The difference spectra recorded at high concentrations of
amelogenin indicate the transformation to a 3-sheet structure.
Owing to the flexibility and proximity of the dihedral angle
values, PPII conformation is always in equilibrium with
B-sheet, B-turn, and unordered conformations (44). This
geometrical flexibility of PPII conformation may allow the
polypeptide chain to progress from this conformation to an
ordered [3-sheet conformation through intermolecular inter-
action (45). Such behavior has been exhibited by elastin and a
number of proteins/polypeptide under a wide variety of
conditions (46—49).

Thermodynamics of amelogenin self-assembly and the role
of PPII conformation

ITC dilution studies have clearly demonstrated that assembly
of amelogenin involves favorable entropy (positive) and un-
favorable (positive) enthalpy changes. The overall negative
free energy changes indicated that the assembly of amelogenin
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is a thermodynamically favorable process. Analysis of the
AS and AH , values derived from the studies allowed us to
better understand the molecular interactions involved in
amelogenin self-assembly. In general, for a protein-protein
interaction the entropy changes upon association involve
three major factors: i), the hydrophobic effect (ASyg) (i.e.,
partitioning of nonpolar molecules from water to nonpolar
phase); ii), the conformational entropy (AS,pe) (i.€., intra-
molecular conversion of a random polypeptide chain into an
organized structure or vice versa); and iii), the reduction in
available rotational and translational degrees of freedom
(AS,,) upon association (i.e., ASp ~ ASyg + AS; + AS her
(50)). Based on our CD findings, amelogenin self-assembly is
accompanied by a transition from an unordered to an ordered
structure; the AS,q, is negative. AS,, involves unfavorable
entropy (negative) changes, and the overall positive entropy
of amelogenin self-assembly is, therefore, contributed to by a
large positive ASyg. The large positive entropy observed for
both rP172 and rP148 are similar to the classical entropically
driven processes, which is partitioning the nonpolar molecule
from water to a nonpolar phase (51-53).

Similarly, the enthalpy of association (AH ») is contributed
to by three major terms: i), conformational enthalpy that
arises due to formation of an ordered secondary structure; ii),
interaction enthalpy that arises due to the noncovalent
interactions such as hydrogen bonding, van der Waals forces,
and electrostatic forces; and iii), solvation (hydration/dehy-
dration) enthalpy that arises due to the removal or intake of
water molecules at the interface (i.e., AHy ~ AHy, +
AH ¢ + AHineraction)- In the case of amelogenin the first
two terms are exothermic (since protein-protein interaction
and protein folding involve favorable (negative) enthalpy
changes); therefore, the overall endothermic enthalpy of
association is contributed to by large positive solvation
enthalpy that arises due to the release of ordered water
molecules from the monomer/oligomer interface (i.e., dehy-
dration). Thermodynamic data from various sources, such as
a), the nonpolar phase to water, b), protein folding, and c),
ligand binding to protein through hydrophobic effect are
accompanied by burial of the nonpolar surface from water
(54-56). It has been suggested that the hydrophobic surfaces
induce orientation in the water-water hydrogen bonds in the
first hydration shell and that this ordered water is released on
burial of the surface (55,56). Recent studies on extracellular
matrices highlight the importance of PPII conformation in
the self-assembly, elastic properties, and protein-protein
interactions (57).

Although the overall AG, of rP148 was found to be
comparable to that of rP172 (Table 2), the magnitude of
enthalpy and entropy contribution to the self-assembly was
~6 and 4 times lower than rP172, respectively. This could be
due to the considerable folding of the central domain upon
self-assembly, which is enthalpically favorable (negative)
and entropically unfavorable (negative). ATR-FTIR differ-
ence spectra of rP148 indicated the presence of various
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conformations in the assembled state. The presence of these
ordered conformations contributes to this significantly and
has resulted in an overall decrease of AS, and AH 5. Another
explanation for thermodynamic differences observed be-
tween rP172 and rP148 could be related to the higher amount
of PPII content observed in tP172 than in rP148. The water
molecules around the PPII conformation may be removed as
the monomers with considerable amounts of PPII structure
are converted to nanospheres with 3-sheet structure as the
dominant conformation. Molecular dynamic simulations and
experimental evidence suggests that PPII conformation is
considerably hydrated in water (58—60).

Function of the hydrophilic C-terminal on self-assembly

During the secretory stage of enamel formation, amelogenin
is instantaneously cleaved by enamel proteases into various
proteolytic products (61). The ““20 kDa’’ amelogenin that
lacks the C-terminal 25 amino acid residues has been
identified as the major proteolytic product in developing pig
enamel. The timely cleavage and the removal of proteolytic
products are essential to enamel development. The charged
C-terminal amelogenin has significant apatite binding affin-
ity and the potential to control morphology and organization
of the crystals (43,62-64). As documented by a series of in
vitro studies, removal of the C-terminal hydrophilic residue
of amelogenin does not affect its ability to control the
morphology of calcium phosphate crystals (64,65). These
findings were significant, since during enamel maturation the
thickening of crystals occurs in a matrix that is enriched in
the ‘20 kDa’’ and not the full-length amelogenin.

Here we report that the rP148 which is used as an analog to
the ““20 kDa’’ amelogenin has the same driving force (hy-
drophobic interactions) for self-assembly, but with different
characteristics. These characteristics include the differences
in secondary structure, mainly the PPII content. Although the
pH conditions used in our studies are different from phys-
iological conditions, we believe that the information gained is
valuable and provides direct support for the notion that
amelogenin self-assembly occurs via hydrophobic interac-
tions. Based on the differences observed between rP148 and
rP172 (Tables 1 and 2), we suggest that the large dehydration
required for the self-assembly of the full-length amelogenin is
compensated for by the removal of the C-terminal amino acid
residues without much loss in thermodynamic stability, which
is expressed as the free energy for assembly. This finding may
have biological significance when considering that the as-
sembly of the ‘20 kDa’’ amelogenin may be as essential as
that of the full-length amelogenin in controlling the morphol-
ogy of the crystals during the postsecretory stages on enamel
formation (38).
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