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Abstract
Amelogenesis imperfecta describes a group of inherited disorders that results in defective tooth
enamel. Two disorders associated with human amelogenesis imperfecta are the point mutations
T21→I or P40→T in amelogenin, the dominant protein present in ameloblasts during the early
stages of enamel biomineralization. The biophysical properties of wildtype murine amelogenin
(M180) and two proteins containing the equivalent mutations in murine amelogenin, T21→I
(M180-I) and P41→T (M180-T), were probed by NMR spectroscopy. At low protein
concentration (0.1 mM) M180, M180-I, and M180-T are predominately monomeric at pH 3.0 in
2% acetic acid and neither mutation produces a major structural change. Chemical shift
perturbation studies as a function of protein (0.1 to 1.8 mM) and NaCl (0 to 400 mM)
concentration show that the mutations affect the self-association properties by causing self-
assembly at lower protein or salt concentrations, relative to wildtype amelogenin, with the largest
effect observed for M180-I. Under both conditions, the premature self-assembly is initiated near
the N-terminus, providing further evidence for the importance of this region in the self-assembly
process. The self-association of M180-I and M180-T at lower protein concentrations and lower
ionic strengths than wildtype M180 may account for the clinical phenotypes of these mutations,
defective enamel formation.

Keywords
amelogenesis imperfecta; intrinsic disorder; amelogenin; enamel; biomineralization; nanospheres

Introduction
Dental enamel, the 1–2 mm layer of elongated, nanorod-like hydroxyapatite crystals on the
outer surface of the tooth, is repeatedly exposed to masticatory, parafunctional, and
occasional impact loading in the bacteria-filled environment of the mouth. Exposed to such
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stresses and unable to self-repair or remodel itself, it is not surprising that enamel is the
hardest tissue in the vertebrate body [1,2]. The strength and robust mechanical properties of
enamel are due to a unique combination of high mineral content and high degree of
architectural organization [3]. Ninety-seven percent of mature enamel, by weight, consists of
carbonated hydroxyapatite crystals elongated in the c-axial direction and tightly packed into
parallel arrays, called enamel rods or prisms, that are intricately interwoven into an unique
lattice [4,5]. The central protein guiding the nucleation, growth, and organization of these
enamel rods into enamel is amelogenin [5–9]. This process, amelogenesis, occurs over three
main stages (secretory, transition, and maturation) [10] starting with an amelogenin-filled
(~90%) extracellular matrix in the secretory-stage [5–7,11,12]. During the transition-stage
proteases, such as enamelysin (MMP-20) and kallikrein (KLK-4), cleave the amelogenin
and at the end of the maturation-stage hard and tough enamel, largely devoid of organic
material, remains.

Amelogenin is a low-molecular-weight protein (~ 20 kDa depending on the species) with
amino and carboxyl terminal regions that are highly conserved among species [13].
Associated with the termini sequence conservation are charged amino acid residues,
suggesting that these regions serve important functional roles for mediating enamel
biomineralization [14]. Aside from the C-terminal region (the charged residues in the N-
terminal region are dispersed), the protein is highly hydrophobic in nature and contains a
central region enriched in the amino acids P, L, H, and Q (HQP-rich region). Indeed,
variations in the length of the HQP-rich region largely accounts for the variations in size of
amelogenin among different species. This hydrophobic region is responsible for one of the
unique properties of amelogenin, its ability, under the correct environmental conditions in
the secretory-stage, to self-assemble into a unique quaternary structure, 40 – 100 nm in
diameter, called a nanosphere [12].

Nanosphere formation alters the physical properties of amelogenin (hydrophobicity and
electrostatics) [5,15,16] and has been observed both in vivo [12] and in vitro [11]. These
structures are believed to be biologically significant because mutations in amelogenin
disrupt the properties and size of nanospheres in vitro [17–19] with some of the same
mutations observed to cause malformed enamel in knock-in mice in vivo [20]. Nanosphere
assembly is hypothesized to occur via a progressive accretion of amelogenin molecules into
larger units [21,22], a process that depends on the interplay between protein concentration
and the properties of the solution (ionic strength, pH, solutes, and temperature) [22–26].
Solution NMR studies tracking the self-assembly process in murine amelogenin suggests
that assembly is initiated near the N-terminus (Y12-I51) followed by a region near the C-
terminus (L141-T171) [26]. Regions near the N- and C-termini, M1-M42 and S157-K173,
respectively, have been identified by yeast two-hybrid assays [27] as essential for
nanosphere self-assembly. These same regions are highly conserved among species [13] and
it has been postulated that upon nanosphere formation these termini are surface exposed
[11,20,24,27], increasing the nanosphere’s solubility and enhancing its interactions with
calcium phosphate [14]. Indeed, removing the C-terminus of amelogenin results in a protein
with a reduced affinity for hydroxyapatite and a weaker ability to inhibit crystal growth
[28,29].

Mutations to six genes (AMELX, ENAM, KLK4, MMP20, WDR72, and FAM83H) have
been linked to diverse clinical phenotypes (hypomaturation, hypoplasia, and
hypocalcification) associated with amelogenesis imperfecta [30], a group of hereditary
conditions that affects the quantity and quality of enamel [31,32]. Out of the six
amelogenesis imperfecta associated genes, the majority of genetic mutations identified to
date are in AMELX [18] and include two separate missense mutations that result in single
amino acid substitutions, T21→I or P40→T, in the primary sequence of human amelogenin.
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The phenotype of the T21→I mutation is hypomineralized/hypomatured enamel with brown
discoloration while the phenotype of the P40→T is hypomatured enamel with discoloration.
Because these two mutations are in the N-terminal region of amelogenin, a region that may
play a direct role in the early stages of amelogenin self-assembly [26] and enamel formation
[33], examining the biophysical properties of amelogenin containing these point
substitutions may provide information on the molecular mechanism of defective enamel
formation [18,34].

Previously, using two proteins containing the equivalent mutations in murine amelogenin,
T21→I (M180-I) and P41→T (M180-T), optical spectroscopy (CD, fluorescence),
transmission light spectroscopy, and dynamic light scattering were used to show that these
mutations affected the self-assembly properties of amelogenin relative to the wild type
(M180) [18,34]. To probe the finer molecular details of how these two point mutations
affect self-assembly, M180, M180-I, and M180-T were characterized in solution using
NMR spectroscopy under conditions that promote self-assembly, increasing protein
concentration and ionic strength [22,26,35]. Such an analysis was assisted by the previous
assignment of the backbone 1HN and 15N amide resonances for M180 [36]. These earlier
assignments made it possible to identify the specific residues involved in the early stages of
nanosphere assembly by following perturbations to their amide chemical shifts in the 1H-15

N HSQC spectra of M180, M180-I, and M180-T as a function of protein or NaCl
concentration. Such perturbations, typically chemical shift and/or intensity reductions to the
backbone 1HN and 15N resonances [26,37], reflect changes in the chemical environment of
nuclei at interaction interfaces. To determine if the altered self-assembly properties of
M180-I and M180-T may be due to dynamic changes affected by the point mutations,
backbone amide relaxation measurements were also made for M180, M180-I, and M180-T
under conditions where all three proteins were monomeric in solution (pH 3.0, 0.1 mM
protein concentration). To assess the size of the major species in solution under conditions
where 1H-15N HSQC spectra were no longer tractable (2000:1 molar ratio of NaCl:protein),
dynamic light scattering (DLS) experiments were performed.

Materials and methods
All chemicals were purchased from Research Products International Corporation (Mount
Prospect, IL) except trifluroacetic acid (TFA) and HPLC grade acetonitrile (Sigma Chemical
Company, St. Louis, MI).

Protein expression and purification
The gene for full-length murine amelogenin [38], codon-optimized for Escherichia coli
expression, was synthesized (Genescript, Piscataway, NJ) between NdeI and BamHI
restriction endonuclease sites to allow insertion into the expression vector pET 11d
(Novagen, Madison, WI). The gene was designed such that the gene product contained a 12-
residue, uncleavable, N-terminal histidine tag (MRGSHHHHHHGS) to facilitate
purification by metal-affinity chromatography. The parent amelogenin gene was used to
generate two variant genes (Genescript, Piscataway, NJ) that translated into protein products
containing a single amino acid substitution, T21→I or P41→T. The recombinant plasmids
were transformed into E. coli BL21(DE3)pLysS cells (Novagen, Madison, WI) following a
heat shock method. Using the antibiotics chloramphenicol (34 µg/mL) and ampicillin (100
µg/mL), uniformly 15N-labeled protein was prepared using an autoinduction protocol [39]
and uniformly 13C- and 15N-labeled protein was prepared using a M9 minimal medium
protocol [36]. The protein was purified using modifications to a previously reported protocol
[40] beginning with the resuspension of the frozen cell pellet in 32 mL of NTA-wash buffer
(8 M urea, 100 mM NaPO4, pH 8.2). The cells were then lysed by three passes through a
French Press (SLM Instrument, Urbana, IL) followed by sonication for 1 min. Insoluble cell
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debris was removed by centrifugation at 25000g for 1 h and the supernatant loaded onto a 20
mL Ni-NTA affinity column (Qiagen, Valencia, CA). The column was washed sequentially
with 40 mL of NTA-wash buffer followed by 40 mL of buffer (6 M urea, 100 mM NaPO4,
pH 8.2) containing increasing concentrations of imidazole (10, 20, 50, 500 mM). The
amelogenin eluted primarily in the fraction containing 500 mM imidazole. This fraction was
applied onto a Varian Dynamax Microsorb 300-5 C-18 reverse phase column (250 × 21.4
mm) (Agilent Technologies, Santa Clara, CA) with the following purification gradient
applied after loading the material using 100% Buffer A (Buffer A = water in 0.1% TFA,
Buffer B = 70% aq. CH3CN in 0.1% TFA, flow rate 5 mL/min: Step 1 – 0.5 CV, 100%
Buffer A; Step 2 – 0.2 CV, linear gradient 0 to 20% Buffer B; Step 3 – 2.5 CV, linear
gradient 20 to 100% Buffer B). The fractions containing amelogenin (~ 80% Buffer B) were
pooled and frozen (80 °C). After lyophilization, the material was resuspended in the final
NMR buffer (2% CD3CO2D, 7% D2O/91% H2O, pH 3.0) [26] and the protein
concentrations measured using the Bradford assay (BioRad, Hercules, CA) [41]. Yields of
purified protein were ~40 mg/L using the M9 minimal medium protocol and ~70 mg/L using
the autoinduction protocol.

NMR data collection and processing
All NMR data was collected at 20 °C using a Varian Inova-750 spectrometers and Biopack
pulse programs. Three-dimensional HNCACB and HNN data were collected on the M180-I
and M180-T samples to verify some amide chemical shift assignments that were otherwise
based primarily on comparison to the 1H-15 N HSQC spectrum of previously assigned M180
[36]. For the dilution studies, initial 1.8 mM samples of amelogenin were prepared in the
final NMR buffer using the Bradford assay [41] (BioRad, Hercules, CA) to estimate the
protein concentration. The initial 1H-15 N HSQC was collected on a 250 µL sample in a
Shigemi NMR tube (Shigemi Inc., Allison Park, PA) with subsequent spectra collected
following serial dilutions to 0.9, 0.45, and 0.1 mM. For the NaCl titration studies, a 2 M
NaCl stock solution was prepared in NMR buffer. Seven and one half microliter aliquots of
the sodium chloride stock solution were added directly to the amelogenin sample (0.25 mM
(300 µL)) and, following gentle agitation, a high resolution 1H-15N HSQC spectrum (20 °C)
was immediately acquired. Spectra were recorded in the absence of salt and at NaCl:protein
molar ratios of 400, 800, 1200, 1600, and 2000 to one. At the end of the titration, due to
dilution, the final concentration of amelogenin and NaCl was 0.20 mM and 400 mM,
respectively, in a final volume of 375 µL. Nitrogen-15 R1 and R2 values were measured
using previously described experiments [42,43] with seven different time delays (s): 0.0, 0.1,
0.2, 0.3. 0.4, 0.6, 0.8 (R1); 0.01, 0.03, 0.05, 0.07, 0.09, 0.11, and 0.13 (R2).Values for R1 and
R2 and an estimate of their associated errors were obtained using the rate analysis function
in Sparky (v3.115) [44] by fitting the measured peak heights to a two-parameter exponential
function, I(t) = I0exp(-t*R1,2). Steady-state {1H}-15N heteronuclear NOE values (NOE =
Isat/Iunsat) were measured in triplicate from the ratios of 1H-15N HSQC cross peak volumes
in spectra recorded in the presence (Isat ) and absence (Iunsat) of 2.5 seconds of proton
presaturation prior to the 15N excitation pulse. All NMR data was processed using Felix2007
(Felix NMR, Inc, San Diego, CA) and Sparky [44] software with the 1H, 13C, and 15N
chemical shifts referenced to DSS (DSS = 0 ppm) using indirect methods [45].

Dynamic light scattering (DLS)
The DLS measurements were obtained at 20 °C on M180, M180-I, and M180-T at
concentrations of 0.2 mM in 2% acetic acid, 400 mM NaCl, pH 3.0, using a Brookhaven
Instruments 90 Plus (Brookhaven Instruments Corporation, Holtsville, NY) equipped with a
657 nm 35 mW laser using a 90° scattering angle with acquisition times of 1 to 3 minutes.
Protein solutions were mildly centrifuged prior to analysis.
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Results
Structural effects of the point mutations

Figure 1A is an overlay of the 1H-15 N HSQC spectrum of M180 with M180-T under
conditions where M180 was previously shown to be monomeric in solution (0.1 mM protein
concentration, 2% acetic acid, pH 3, 20 °C) [26]. Aside from a few resonances, labeled in
Fig. 1A, the spectra for M180 and M180-T overlay well, as did the 1H- N15 HSQC spectra
for M180 and M180-I (data not shown), suggesting that the amino acid substitutions had
little effect on the global structure of amelogenin. The similar amide line widths and
chemical shifts, along with good magnetization transfer in the three-dimensional backbone
assignment experiments, suggest that M180-I and M180-T are also monomeric in solution
under these same conditions. The chemical shift differences are so slight it is possible to
readily assign the 1H-15 N HSQC spectra of M180-I and M180-T primarily using the
previous amide assignments for M180 [36]. Using these assignments it is possible to map
the location of the resonances that do not overlay well onto the primary amino acid sequence
of amelogenin by plotting the average combined chemical shift perturbation in the 1H-15N
HSQC spectra of M180-1 and M180-T relative to M180 as shown in Fig. 1B. For both point
mutations the chemical shift perturbations are small, less than 0.3 ppm, with only two
residues perturbed greater than 0.1 ppm. All of the perturbed residues are clustered around
the mutated residue with the perturbations slightly greater for M180-T then M180-I. Such a
highly localized chemical shift effect as a result of a mutation is consistent with an
instrinsically disordered protein, as reported for porcine [46] and murine [26] amelogenin. It
is likely that local electronic differences due to the amino acid substitutions in the mutated
proteins are responsible for the observed minor chemical shift perturbations.

Protein concentration effects on self-assembly
The acquisition of 1H-15 N HSQC spectra as a function of protein concentration is routinely
used to assess concentration dependent self-association or transient aggregation of NMR
samples. Here, it was clearly observed that the 1H-15 N HSQC spectra of M180, M180-I,
and M180-T changed as a function of protein concentration indicating that aggregation
occurred as the protein concentration increased. Figure 2A shows an overlay of the 1H-15 N
HSQC spectra of M180 collected at 0.1 (black) and 1.8 (red) mM protein concentration.
While the general pattern of the two 1H-15N HSQC spectra are similar, they do not overlay
well indicating self-association is occurring at higher M180 concentrations. Furthermore, the
line widths of the cross peaks in the 1.8 mM 1H-15N HSQC spectrum are slightly greater
than for the 0.1 mM 1H-15 N HSQC spectrum, another feature characteristic of the formation
of a larger molecular weight complex. The chemical shift perturbations were tracked,
allowing the assignment of the 1H-15N HSQC spectrum collected at 1.8 mM M180
concentration. A plot of the average combined chemical shift perturbation in the 1HN

and 15N resonances of M180 at 0.1 and 1.8 mM protein concentration is shown in Fig. 2C.
The plot indicates that all the chemical shift perturbations are small, with the majority less
than ~ 0.06 ppm and all the perturbations less than 0.15 ppm. The chemical shift
perturbations that are greater than 0.06 ppm are clustered in the N-terminal region of the
protein, primarily between I13 – E40.

Figure 2B shows an overlay of the 1H-15N HSQC spectra of M180-I collected at 0.1 (black)
and 1.8 (purple) mM protein concentration. In contrast to the features in the 1H-15N HSQC
spectra of M180 over the same concentration range, many of the amide cross peaks have
disappeared (59) and the line widths of those that remain are significantly broader for M180-
I at the higher protein concentration. These latter two features indicate that M180-I has self-
associated to form a larger molecular weight complex. The disappearance of amide cross
peaks in the 1H-15N HSQC spectrum at high protein concentrations is likely due to restricted
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motion at a protein-protein interface as interpreted previously for M180 as a function of
increasing NaCl and CaCl2 concentrations [26,47]. For M180-T over the same concentration
range, the line widths of the amide cross peaks were also broader at the higher protein
concentration, however, significantly fewer cross peaks disappeared completely (12, 1H-15N
HSQC spectra not shown) suggesting that M180-T self-associated to a degree intermediate
between M180 and M180-I. It was possible to track the disappearance of most of the amide
cross peaks in the 1H-15N HSQC spectra over the concentration range and this data is
summarized for M180-I and M180-T in Fig. 3. At 1.8 mM concentration, the amide
resonances that disappear in the 1H-15N HSQC spectrum of M180-T are all localized near
the N-terminus between T21 – Y37. In contrast, M180-I was much more sensitive to
concentration. At only 0.9 mM most of the amide resonances near the N-terminus of M180-I
(H6 – I51) have already disappeared or are significantly reduced in intensity and the
intensity of a small swath of amide resonances have been reduced in a region near the C-
terminus (L147 – E166). At 1.8 mM concentration, the C-terminal swath for M180-I has
expanded to include amide resonances between L142 – A170 and the effected N-terminal
region has grown to include amide resonances between L3 – H58. These results suggest that
the mutated proteins self-assemble at a lower protein concentration than the wildtype protein
with self-assembly initiated at lower protein concentration for M180-I than M180-T.

Sodium chloride effects on self-assembly
By monitoring the disappearance of amide cross peaks in the 1H-15N HSQC of M180 as a
function of increasing NaCl or CaCl2 concentration, it was previously shown that increasing
ionic strength affected a stepwise self-assembly of amelogenin into larger complexes [26].
This is illustrated for M180 in Figs. 4A and 4B. At a NaCl:M180 molar ratio of 1600:1, a
significant number of the M180 amide cross peaks have disappeared and the line widths of
the remaining resonances are broader. To determine if the point mutations M180-I and
M180-T affected this salt-induced self-assembly process, similar NaCl NMR titration
experiments were performed with M180-I and M180-T. For M180-T the substitution only
marginally accelerated the self-assembly process. This is illustrated in the 1H-15N HSQC
spectrum for M180-T at a 1600:1 molar ratio in Fig. 4C where a few additional amide cross
peaks disappear or are weaker relative to the equivalent spectrum for M180 (Fig. 4B). On
the other hand, for M180-I, NaCl significantly accelerated the self-assembly process. This is
illustrated for M180-I at a 1600:1 molar ratio in Fig. 4D where significantly fewer amide
cross peak are present relative to the equivalent spectrum for M180 (Fig. 4B).

The sequential disappearance of amide cross peaks were tracked as a function of the molar
ratio of NaCl present, allowing the identification of regions of the protein responsible for
initiating self-assembly. Figure 5 summarizes the NaCl titration data at three different
NaCl:protein molar ratios, 800:1, 1200:1, and 1600:1. At the first titration point, 400:1, there
is little change in the 1H-15N HSQC spectra for all three proteins aside from some mild line
broadening (hence, this data is not shown). The 1H-15N HSQC spectra for M180 and M180-
T are similarly affected by NaCl between 800:1 and 1600:1 with amide cross peaks
disappearing primarily from a region near the N- and C-termini. At a 1600:1 molar ratio, the
region affected at the N-terminus is the same (G8 – H58) while the affected C-terminal
region is slightly larger in M180-T (A142 – K175) than in M180 (A142 – T171). On the
other hand, over the same titration range, wider regions of the N- (L3 – S61) and C-termini
(A142 – D180) of M180-I are affected. Furthermore, additional residues in the central
portion of M180-I disappear, primarily those in a region from F112 – K138. At the final
titration point (data not shown), a 2000:1 molar ratio, the 1H-15N HSQC spectrum for M180
changes little relative to the spectrum at 1600:1, and indeed, was observed to change little up
to a molar ratio of 3000:1 where the species was previously interpreted to be a dimer or at
most a trimer [26]. On the other hand, essentially all the amide resonances for M180-I and
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M180-T disappear into the “noise” at a 2000:1 molar ratio, observations that could be
explained by the formation of complexes larger than dimers/trimers. In an attempt to verify
this hypothesis, dynamic light scattering data was collected for all three proteins at the
highest salt concentration (2000:1 molar ratio of NaCl:protein) to estimate the size of the
major species in solution. These DLS data show no correlation between the diameter of the
major species formed by self-assembly (M180-T (14.8 ± 0.4 nm) > M180 (12.9 ± 0.6 nm) >
M180-I (11.9 ± 0.4 nm)) and the disappearance of amide cross peaks at a 2000:1 molar ratio
(M180-I = M180-T > M180). The relatively narrow range of measured diameters for all
three proteins, 12 – 15 nm, suggests that M180-I and M180-T also form dimer or trimer
complexes at this salt concentration with the diameter differences possibly attributable to
shape differences (eg: compact versus elongated) or equilibrium differences (eg: dimer
versus trimer population). Consequently, the complete disappearance of all the amide
resonances in the 1H-15N HSQC spectra of M180-I and M180-T is likely not a result of
increased molecular weight but due to other factors such as a more rigid interface
encompassing the central region of the protein or transient association of dimers and trimers.

Backbone amide relaxation studies
To determine if the impaired self-assembly properties of M180-I and M180-T are related to
dynamic changes affected by the amino acid substitutions, R1, R2, and heteronuclear NOE
measurements were made for M180, M180-I, and M180-T under conditions where all three
proteins were monomeric. Figures S1 and S2 illustrate the measured R1 and R2 values,
respectively, for each tractable residue of M180, M180-I, and M180-T.Relative to the rest of
protein, there are no significant differences in the R1 and R2 values at or near the site of the
single T21→I or P41→T substitution. Table 1 provides a summary of the average R1 and R2
values for each of the three proteins. The average R1 values are all within the standard
deviation for each protein with the average value for M180-I, 754 msec−1, smaller than the
average for M180 and M180-T.Likewise, the average R2 values are all within the standard
deviation for each protein with the average for M180-I, 214 msec−1 , smaller than the
averages for M180 and M180-T. For each of the three proteins, the heteronuclear NOE
values were all less than 0.6 with most of the values negative (data not shown). In general,
heteronuclear NOE values less than ~0.6 are indicative of significant motion in the ps - ns
timescale, a characteristic of a flexible, intrinsically disordered protein.

Discussion
At 0.1 mM protein concentration, the NMR data presented here show that M180-I and
M180-T are monomeric, intrinsically disordered proteins and that the single T21→I or
P41→T substitution has little, if any, effect on the protein’s structure. However, at higher
protein and NaCl concentrations, the 1H-15N HSQC spectra of M180-I and M180-T were
significantly different when compared to the spectrum for wildtype M180. These spectral
differences at equivalent protein and NaCl concentrations indicated that the mutant proteins
began to self-assemble at lower concentrations than M180 with the self-assembly occurring
at earlier stages for M180-I than M180-T as the concentrations were increased. Measuring
the degree of self-association simply on the basis of the number of amide cross peaks that
disappear in the 1H-15N HSQC spectra in going from 0.1 mM to 1.8 mM yields an order of
self-association of M180-I (59) > M180-T (12) > M180 (0) as a function of increasing
protein concentration. A similar measurement in going from no salt to a 800:1 molar ratio of
NaCl:protein would be M180-I (54) > M180-T (24) > M180 (21) as a function of increasing
salt concentration. Another major spectral difference between the mutant proteins and M180
is at a NaCl:protein molar ratio of 2000:1 where essentially all the amide cross peaks in
the 1H-15N HSQC spectra of M180-I and M180-T disappear while the 1H-15N HSQC
spectrum of M180 at 1600:1 looks essentially the same at 2000:1 and at 3000:1 [26]. Given
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that the DLS data suggests that the size of all three protein complexes are roughly similar at
a 2000:1 molar ratio, the NMR data shows the mutations alter the biophysical interactions of
the assembled complexes in environments of high ionic strength.

An advantage of using NMR spectroscopy to study protein self-assembly is the ability to
map the sequence location of the specific amino acid residues driving the process via
chemical shift/intensity perturbation experiments [26,37]. As a function of increasing
protein concentration, M180 displayed only chemical shift perturbations localized near the
N-terminus (I13 – E40) while M180-I and M180-T both displayed significant intensity
perturbations (disappearing cross peaks). For M180-T these changes were localized to a
similar area near the N-terminus (T21 – Y37). For M180-I, intensity losses were observed
near both the N-terminus (L3 – H58) and C-terminus (L142 – A180) with the N-terminus
effected first at a lower protein concentration. Note that the effected residues are similar in
all cases, but, in comparison to M180, onset occurs earlier for M180-I and somewhat earlier
for M180-T as a function of protein concentration. The N-terminal region of M180 was also
the region first effected in the process of self-assembly induced by increasing salt
concentrations [26], a region identified in playing a role in porcine amelogenin self-
assembly induced by 2,2,2-trifluoroethanol [48], and a region implicated in self-assembly at
a more physiological pH (5.5) by NMR experiments using a series of truncated murine
amelogenin sequences [49]. Hence, the concentration dependent data presented here adds to
the growing body of evidence implicating the importance of the N-terminal region of
amelogenin in the self-assembly process.

Previously, on the basis of fluorescence spectroscopy, CD, and DLS studies, both M180 and
M180-T were reported to exist as monomers while M180-I formed small oligomers at ~ 0.02
mM protein concentrations [35]. The latter observations were made at pH 5.8 in 25 mM
sodium acetate buffer at 25 °C, environments known to promote amelogenin self-assembly
[26,35], and illustrate that M180-I has a greater predisposition to self-assembly than M180
and M180-T, consistent with the data presented here. While the NMR R1 and R2 relaxation
data presented here show no unusual dynamic perturbations around the point mutations, it is
interesting to note that lower average R1 and R2 values were observed for M180-I over
M180 and M180-T that perhaps may be related to M180-I’s greater predisposition to self-
assemble.

Hydrophobic intermolecular interactions are believed to be a major driving force responsible
for protein association/aggregation [50]. Consequently, increasing the hydrophobicity of the
N-terminus by replacing T21 and P41 with a more hydrophobic amino acid residue might be
expected to facilitate self-association [35]. A greater tendency to self-assemble has also been
observed with human amelogenin containing a single P70→T substitution [19]. Using the
hydrophobicity index of Kyte and Doolittle [51], the T21→I substitution represents a 5.2
unit increase in hydrophobicity while the P41→T substitution is a smaller increase of 0.9
units. The approximately five-fold difference in hydrophobicity increase in M180-I over
M180-T may account for the stronger tendencies of M180-I to self-associate over M180-T.
Regardless of the physical explanation, the observation that M180-I and M180-T self-
associate at lower protein concentrations and lower ionic strengths than M180 may account
for the defective enamel associated with amelogenesis imperfecta. An increased tendency to
self-associate could impair amelogenesis in a number of ways. For example, premature
intracellular self-association may hinder amelogenin secretion, a mechanism recently
reported for the Y34→H amelogenin mutation associated with amelogenesis imperfecta
[52]. Alternatively, proteolytic processing and protein-mineral interactions, both
hypothesized to involve regions near the N- and C-termini of amelogenin, may be impeded
in a more tightly associated complex [18,34]. Indeed, a more tightly associated complex
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may hinder the disassembly of amelogenin nanospheres, a process that may be necessary for
proper enamel formation [53,54].

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The T21→I or P40→T point mutations alter amelogenin’s self-association
properties.

• Relative to wildtype amelogenin, self-assembly in the point mutations begin at
lower ionic strength and protein concentrations.

• Premature self-assembly initiated near the N-terminus.
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Fig. 1.
(A) Overlay of the 1H-15N HSQC spectrum of M180 (black) and M180-T (red). Data
collected under similar experimental conditions (0.1 mM protein concentration, 2% acetic
acid, pH 3.0, 20 °C) at a 1H resonance frequency of 750 MHz. Residues with significantly
perturbed chemical shifts are labeled. (B) Plot of the average combined chemical shift
perturbation in the 1H and 15N resonances of M180- (blue) and M180-T (yellow) relative to
M180 at a protein concentration of 0.1 mM. Significant chemical shift perturbations were
only observed in the N-terminal region. The positions of the point mutations are shown with
a solid black arrow. Amide resonances that could not be unambiguously tracked in the
mutant proteins are identified with a red circle. The average chemical shift change = Δave =
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[((Δ1HN)2 + (Δ15N/5)2)/2)1/2 Above the plot is a schematic illustration of identified regions
in the protein [16] (see Fig. 2 caption for description). Part of the murine amelogenin
sequence is shown with the proline residues highlighted in cyan and the residues numbered
sequentially starting at P2 (P2 -D180) after the 12-residue, N-terminal poly-histidine tag.
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Fig. 2.
(A) Overlay of the 1H-15N HSQC spectrum of M180 at a protein concentration of 0.1 mM
(black) and 1.8 mM (red). (B) Overlay of the 1H-15N HSQC spectrum of M180-I at a protein
concentration of 0.1 mM (black) and 1.8 mM (purple). Data collected under similar
experimental conditions (0.1 mM protein concentration, 2% acetic acid, pH 3.0, 20 °C) at
a 1H resonance frequency of 750 MHz. (C) Plot of the average combined chemical shift
perturbation in the 1H and 15N resonances of M180 between a protein concentration of 0.1
mM and 1.8 mM. The average chemical shift change = Δave = [((Δ1HN)2 + (Δ15N/5)2)/2)]1/2.
Above the plot is a schematic illustration of the various regions of the protein [16]. The
majority of the protein, colored white, is composed of the HQP-rich region due to the many
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histidine, glutamine, and proline residues. The first N-terminal 45-residues consists of the
tyrosine-rich amelogenin polypeptide (TRAP), a proteolytic fragment of the hydrolysis of
amelogenin by metalloproteinase 20 (enamelysin). The TRAP region has been further sub-
divided into the protein-protein interaction region (magenta), linker region (orange), and
lectin-like binding tri-tyrosine region (green). The C-terminal contains a hydrophobic
section that is also cleaved by enamelysin (cyan) and a hydrophilic mineral-binding region
(blue).
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Fig. 3.
Summary of the amide resonances that partially disappear (grey-filled circles) or completely
disappear (open circles) in the 1H-15N HSQC spectra of 15N-labelled M180-I and M180-T
as a function of increasing protein concentration. Amide cross peaks whose intensity change
little over the concentration range are indicated by solid circles and cross peaks that could
not be tracked unambiguously are indicated by green-filled circles. The full murine
amelogenin sequence is shown with the proline residues highlighted in cyan and the site of
the point mutations highlighted in red.
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Fig. 4.
The 1H-15N HSQC spectra of M180, M180-I, and M180-T at various NaCl concentrations
illustrating the different effects NaCl has on the self-association properties of each protein.
(A) Spectrum of M180 (0.25 mM) with no NaCl. (B – D) Spectra of 0.21 mM M180 (B),
M180-T (C), and M180-I (D) collected at a salt:protein molar ratio of ~1600:1. All the data
were collected under identical conditions (1H resonance frequency of 750 MHz, 20 °C, 2%
acetic acid (pH 3.0)) and similarly processed. The spectra in B, C, and D are shown at
identical contour levels.
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Fig. 5.
Summary of the amide resonances that partially disappear (grey-filled circles) or completely
disappear (open circles) in the 1H-15N HSQC spectrum of 15N-labelled M180, M180-I, and
M180-T as a function of increasing NaCl concentration. Amide cross peaks whose intensity
change little over the concentration range are indicated by solid circles and cross peaks that
could not be tracked unambiguously are indicated by green-filled circles. The full murine
amelogenin sequence is shown with the proline residues highlighted in cyan and the site of
the point mutations highlighted in red. Underneath the primary sequence is a schematic
illustration of the various regions of the protein (see Fig. 2 caption for description).
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Table 1

Average R1 and R2 values for M180, M180-I, and M180-T.

Protein R1 (ms−1) R2 (ms−1)

M180 794 ± 98 290 ± 67

M180-I 754 ± 101 214 ± 82

M180-T 801 ± 104 275 ± 81
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