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Abstract

Amelogenin proteins are critical to the formation of enamel in teeth and may have roles in 

controlling growth and regulating microstructures of the intricately woven hydroxyapatite (HAP). 

Leucine-rich amelogenin protein (LRAP) is a 59-residue splice variant of amelogenin and contains 

the N- and C-terminal charged regions of the full-length protein thought to control crystal growth. 

Although the quaternary structure of full-length amelogenin in solution has been well studied and 

can consist of self-assemblies of monomers called nanospheres, there is limited information on the 

quaternary structure of LRAP. Here, sedimentation velocity analytical ultracentrifugation (SV) 

and small angle neutron scattering (SANS) were used to study the tertiary and quaternary structure 

of LRAP at various pH values, ionic strengths, and concentrations. We found that the monomer is 

the dominant species of phosphorylated LRAP (LRAP(+P)) over a range of solution conditions 

(pH 2.7 to 4.1, pH 4.5 to 8, 50 mmol/L(mM) to 200 mM NaCl, 0.065 to 2 mg/mL). The monomer 

is also the dominant species for unphosphorylated LRAP (LRAP(−P)) at pH 7.4 and for 

LRAP(+P) in the presence of 2.5 mM calcium at pH 7.4. LRAP aggregates in a narrow pH range 

near the isoelectric point of pH 4.1. SV and SANS show that the LRAP monomer has a radius of 

~2.0 nm and an asymmetric structure, and solution NMR studies indicate that the monomer is 

largely unstructured. This work provides new insights into the secondary, tertiary, and quaternary 

structure of LRAP in solution and provides evidence that the monomeric species may be an 

important functional form of some amelogenins.

INTRODUCTION

The amelogenin proteins are necessary for the formation of tooth enamel, representing 90% 

of the proteins present in enamel fluid.(Termine et al., 1980; Gibson et al., 2001) Humans 
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with mutations in the AMELX gene and knock-out mice engineered to have AMELX null 

mutations have highly defective and disorganized enamel structure.(Gibson, 2011) 

Amelogenin proteins are thought to function as a matrix to guide the mineralization of HAP 

extracellularly because amelogenin nanospheres have been observed along HAP crystallites 

in immature enamel.(Fincham et al., 1995) In-vitro studies have suggested amelogenin has 

roles in initiating nucleation,(Tarasevich et al., 2007) controlling growth,(Iijima and 

Moradian-Oldak, 2004) and affecting the spacing of crystallites.(Moradian-Oldak, Tan, and 

Fincham, 1998a)

Leucine-rich amelogenin protein (LRAP) is a 59-residue splice variant of amelogenin 

(Figure 1).(Gibson et al., 1991) Because LRAP appears within the enamel fluid with 

amelogenin, it has been thought that the protein may have a role in enamel formation.

(Fincham et al., 1999) In-vivo studies have shown that LRAP is localized within the 

extracellular matrix of growing enamel (Gibson et al., 1995) and in-vitro studies have shown 

that LRAP can control HAP crystal formation(Le Norcy et al., 2011) suggesting that LRAP, 

like amelogenin, may have an extracellular matrix function in controlling enamel crystal 

growth. More recent studies have provided evidence that LRAP may promote enamel 

growth by acting as a cell signaling molecule, affecting ameloblast differentiation and 

protein expression. For example, LRAP partially rescued the null amelogenin mouse 

phenotype,(Gibson et al., 2009; 2011) increased enamel growth in tooth explants 

(Ravindranath et al., 2007) and promoted the differentiation of human enamel organ 

epithelial cells.(Le et al., 2007) LRAP that was overexpressed in transgenic murine models 

affected ameloblast differentiation and upregulated amelogenin, MMP-20, and SATB1 

proteins.(Stahl et al., 2013)

Although LRAP has a role in enamel formation, recent studies have shown that LRAP can 

also function as a cell signaling protein to promote differentiation of mesenchymal cells.

(Veis et al., 2000; Warotayanont et al., 2008) LRAP has been found to promote osteogenesis 

of rat muscle fibroblasts,(Veis et al., 2000) cementoblasts, (Boabaid et al., 2004) and 

mesenchymal stem cells.(Warotayanont et al., 2009; Wen et al., 2011) A porcine enamel 

matrix derivative has been shown to have therapeutic applications in promoting the 

regeneration of cementum and bone in periodontal tissue(Hammarstrom, 1997; Heijl et al., 

1997; Sculean et al., 2008) and LRAP has been shown to be the main factor within enamel 

matrix derivatives to promote osteogenesis.(Amin et al., 2012)

In spite of the importance of LRAP as an enamel former, osteogenic protein, or regenerative 

agent, very little is known about its tertiary and quaternary structure. It will be difficult to 

fully understand LRAP’s biological function or therapeutic potential without a better grasp 

of its structure. The dominant quaternary structure of full-length amelogenin in solution is 

the ‘nanosphere,” aggregates of amelogenin monomers that are 20 nm to 60 nm in diameter.

(Moradian-Oldak, 2001) The nanospheres are considered to be self-assemblies because they 

are believed to have a hierarchical structure consisting of highly ordered oligomers.(Fang et 

al., 2011) Nanospheres are present in solutions with pH values greater than 6.0 and salt 

concentrations ranging from 50 mmol/L (mM) to 200 mM.(Moradian-Oldak et al., 1994; 

Moradian-Oldak, Leung, et al., 1998) Oligomers have also been detected in solutions at pH 
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5.5 ranging in size from dimers to octamers depending on the protein concentration.

(Bromley et al., 2011)

Recently we found that phosphorylated LRAP exists as a monomer in 150 mM NaCl, pH 7.4 

solutions.(Tarasevich et al., 2013) Since this quaternary form is in contrast to the 

nanospheres observed for full-length amelogenin at pH 7.4, we wanted to further investigate 

the quaternary structure of LRAP over a range of solution conditions including those found 

in developing enamel.(Sasaki et al., 1991; Robinson et al., 1995) LRAP was studied in 

solutions ranging from pH 3.0 to 8.0, 50 to 200 mM NaCl, and concentrations from 0.065 to 

2 mg/mL. SV was used to determine the distribution of protein species present in the 

solutions.(Lebowitz et al., 2002) SV has several advantages over other analysis techniques, 

such as dynamic light scattering (DLS), because it uses a centrifugal field to separate species 

from monomers to large aggregates based on the species’ masses and shapes, whereas DLS 

relies on a mathematical separation. Although DLS is well suited for the measurement of 

sizes in monodisperse systems, it is not as accurate in characterizing polydisperse systems. 

Light scattering intensity has a size dependence of radius to the sixth power (r6) so that large 

structures can dominate scattering and prevent the detection of smaller structures. (Filipe et 

al., 2010) Also, DLS was not able to resolve particle populations that differed in size by a 

factor of 2 or less.(Filipe et al., 2010) In contrast, SV can directly quantify the proportion of 

different species in solution on a weight basis, since SV typically uses UV absorbance to 

monitor sample separation. SV and SANS were also used to determine the size and shape of 

the LRAP monomers and solution NMR was used to study LRAP secondary structure.

MATERIALS AND METHODS†

Materials

Deuterium oxide (99.9%) was purchased from Cambridge Isotopes Laboratories and used as 

received. All other chemicals were reagent grade and obtained from Sigma-Aldrich.

Solid-phase LRAP(+P) and LRAP(−P) synthesis

Murine LRAP with phosphoserine (LRAP(+P)) and normal serine (LRAP(−P)) at position 

16 (Figure 1) was synthesized using solid-phase methods by the Protein Chemistry 

Technology Center, University of Texas (Dallas, TX) for SV, SANS, and zeta potential 

experiments. Each sample was purified by reverse phase HPLC using buffer A, 0.1% 

trifluoroacetic acid in water; buffer B, 0.1% trifluoroacetic acid in acetonitrile. LRAP eluted 

at 54% B. Mass spectroscopy was used to characterize the purity and molecular weight of 

the proteins. After purification, proteins were lyophilized for storage until ready for use.

Recombinant LRAP(−P) (rLRAP(−P)) synthesis

To obtain uniformly 13C- and 15N-labeled LRAP samples for solution NMR studies it was 

necessary to use recombinant methods. RLRAP(−P) containing a 12-residue 

(MRGSHHHHHHGS-) N-terminal tag was synthesized for the studies conducted in acetic 

†Certain commercial equipment, instruments, or materials are identified in this paper to foster understanding. Such identification does 
not imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that the materials 
or equipment identified are necessarily the best available for the purpose.
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acid at pH 2.8, as described previously.(Buchko et al., 2010) For the studies conducted in 

SCP solution at pH 7.4, rLRAP(−P) was synthesized with only a 4-residue (GPGS-) N-

terminal tag as described in the supplementary section.

LRAP solution formation

A stock solution of LRAP was dissolved in Millipore purified water at 5–10 mg/ml and 

stored at 4°C overnight. The solution was centrifuged at 11,000 rpm for 30 minutes and the 

upper fraction decanted. The concentration of the stock solution was determined by 

measurement of the UV absorbance at 275 nm using an extinction coefficient of 15,470 

(M−1 cm−1). Saturated calcium phosphate (SCP) solutions were prepared containing various 

NaCl concentrations (50 to 300 mM) and pH values (5.0 to 8.0). They were prepared by 

adding HAP powder to the NaCl solution, adjusting the pH, stirring for several days, and 

filtering out any particles as described previously.(Shaw et al., 2004) A SCP solution is 

being used because it has a small amount of dissolved calcium and phosphate in the solution 

making it more relevant to the in-vivo enamel forming environment. The amounts of 

calcium and phosphate do not exceed the saturation limit so there is no calcium phosphate 

precipitation. The LRAP stock solution was diluted into the various SCP solutions at the 

appropriate pH to obtain solutions containing 50, 150, and 200 mM NaCl. The solution pH 

values were initially around pH 3.0 (due to formic acid in the lyophilizing solution) and 

were readjusted to values ranging from pH 3.0 to pH 8.0 using dilute KOH and HCl. The 

LRAP solution pH values were stable and did not change over time periods up to 1 month. 

The final concentrations of the LRAP solutions were 0.065 to 2 mg/ml.

Zeta Potential

The zeta potential of LRAP solutions at concentrations of 0.5 mg/mL, 50 and 150 mM NaCl 

SCP, and various pH values from 3.0 to 8.0 were determined using a ZetaPALS instrument 

(Brookhaven Instruments, Holtsville, NY). The protein electrophoretic mobility was 

measured by detecting the phase shift in the scattered light as the protein moves under an 

applied field. The protein solution was placed into a cuvette and an Uzgiris cell electrode 

was inserted into the solution. The Uzgiris cell suppressed electro-osmosis effects. The 

platinum electrodes were conditioned by 10 runs (30 cycles/run) of a 1 M NaCl solution 

with both voltage and frequency set to auto. The resulting PtCl2 passivating layer reduced 

chlorine and protein interactions with the charged electrode. The electrode was operated at 

2.5 V and 2.5 Hz for the protein solutions and the data was collected over five runs at 10–20 

cycles per run.

Sedimentation Velocity (SV)

Samples were analyzed within 2–3 days after sample preparation and were placed into an 

AN-60Ti analytical rotor, loaded into a Beckman-Coulter ProteomeLab XL-I analytical 

ultracentrifuge at 20 °C, and scanned at 280 nm or 230 nm as described previously.

(Tarasevich et al., 2013) The data were analyzed using the c(s) method and SEDFIT analysis 

program (version 11.3) developed previously.(Schuck, 2000) The raw data scans (~37,000 

data points) were directly fitted to derive the distribution of sedimentation coefficients, 

while modeling the influence of diffusion on the data in order to enhance the resolution. 
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This method assigns a diffusion coefficient to each value of sedimentation coefficient based 

on an assumption that all species have the same overall hydrodynamic shape. That 

hydrodynamic shape is defined by the f/f0 ratio, where f is the frictional coefficient of the 

macromolecule and f0 is the frictional coefficient of an anhydrous sphere with the same 

volume as the macromolecule. The f/f0 values were varied to find the best overall fit of the 

data for the entire sample. Maximum entropy regularization probabilities of 0.683 (1 σ) were 

used and time-independent noise was removed.

The partial specific volume (v̄) for LRAP(+P) and LRAP(−P) at 20 °C were calculated as 

0.7435 and 0.7476 ml/g, respectively, using the program SEDNTERP (version 1.09).(Laue 

et al., 1992) Solvent densities and viscosities at 20 °C for the SCP buffer were calculated 

using SEDNTERP as 1.00442 g/ml and 1.0165 cp respectively. SEDNTERP was also used 

to convert raw sedimentation coefficients to standardized s20,w values and to calculate f/f0 

ratios from the measured sedimentation coefficients.

Small angle neutron scattering (SANS)

LRAP(+P) solutions were studied by SANS to determine the size and shape of the LRAP 

monomers. LRAP(+P) (1 mg/mL) was prepared in 150 mM NaCl SCP (pH 7.4) or 2% acetic 

acid (pH 2.7) in 99.9% D2O and was measured in a quartz cuvette with a 2 mm path length 

on the NG7 30 meter SANS instrument (Glinka et al., 1998) at the NIST Center for Neutron 

Research (NCNR) in Gaithersburg, MD. The 2% acetic acid sample was also measured at a 

LRAP(+P) concentration of 2 mg/mL. Preliminary experiments showed that the SANS data 

for pH 7.4 samples was affected by the presence of oligomers derived from aggregates of 

LRAP(+P) formed at the isoelectric point. At oligomer concentrations of 5% or greater, the 

oligomer species dominated the scattering and it was not possible to obtain both a size 

distribution from the fit and extract size and shape data for the monomer. Methods were 

developed to reduce the concentration of oligomers in the solutions to 1–2% to allow 

characterization of the monomers. This was achieved by reducing the protein concentration 

and adding LRAP stock solution to buffer containing enough base to obtain a final pH of 

7.4, avoiding the pH range where LRAP has a low charge and aggregates (pH 4.2–4.5).

The neutron wavelength, λ, was 6 Å, with a wavelength spread, Δλ/λ, of 0.15. Scattered 

neutrons were detected with a 64 x 64 cm two-dimensional position-sensitive detector with 

128 x 128 pixels at a resolution of 0.5 cm/pixel. Sample-to-detector distances of 5 m and 1.5 

m were used. The data were reduced using the IGOR program with SANS macro routines 

developed at the NCNR.(Kline, 2006) Raw counts were normalized to a common monitor 

count and corrected for empty cell counts, ambient room background counts, and non-

uniform detector response. Data were placed on an absolute scale by normalizing the 

scattered intensity to the incident beam flux. Next, the data were radially averaged to 

produce scattered intensity, I(q), versus q curves, where q = 4πsin(θ)/λ and 2θ is the 

scattering angle. The scattered intensities were then further corrected for buffer scattering 

and incoherent scattering from hydrogen in the samples. The q-range covered by the data 

after background subtraction was 0.012 Å−1 ≤ q ≤ 0.3 Å−1 for the 2 mg/mL samples and 

0.03 Å−1 ≤ q ≤ 0.3 Å−1 for the 1 mg/mL samples.

Initial data analysis was performed using the Guinier approximation,
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(1)

on the low-q portions of the data to obtain initial values for the radius of gyration, Rg, and 

the forward scattering intensity, I(0), of the samples. This analysis is valid only in the region 

where qRg ≤ 1. Standard Kratky analysis was performed on each data set by plotting I(q)•q2 

versus q to get a qualitative idea of the degree of protein folding. Both the Guinier and 

Kratky analyses were performed using the NCNR IGOR SANS macro routines.(Kline, 

2006)

GNOM was used to determine the distance distribution functions, P(r), versus r.(Semenyuk 

and Svergun, 1991) The value of the maximum diameter of the particle, Dmax, was 

determined empirically by examining the quality of the fit to the experimental data for a 

range of Dmax values. Since the SANS data were obtained on an absolute scale, the 

molecular weight, Mw, of the proteins was estimated from the forward scattering intensity, 

I(0), using the relation:

(2)

where Δρ = ρ − ρs is the contrast, or the difference between the scattering length density of 

the molecule (ρ) and the solvent (ρs), n is the number density of molecules, and V is the 

molecular volume. The number density can be written as n = cNA /Mw, where c is the 

concentration, and NA is Avogadro’s number. The volume can be written as V = Mw/(NAd), 

where d is the mass density. Now, Equation 2 can be rewritten as:

(3)

The only unknown parameter in Equation 3 is Mw, since all other parameters can be 

measured or calculated. I(0) values were taken from the GNOM analysis of the data since 

this analysis uses all of the data rather than a limited number of points in the Guinier region. 

The concentration can be directly measured during sample preparation and Δρ can be 

calculated from the chemical composition of the sample and solvent. The mass density, d, is 

taken as the inverse of the partial specific volume. It is important to note that I(0) must be on 

an absolute scale, usually in cm−1, in order to obtain accurate Mw values from equations (2) 

or (3).

Molecular Modeling

Model SANS curves were calculated for the 10 lowest energy Rosetta model structures of 

LRAP(+P) derived previously (Tarasevich et al., 2013) using the program XTAL2SAS.

(Heidorn and Trewhella, 1988; Krueger et al., 1998) The model SANS curves were 

compared to the SANS data from 2 mg/mL LRAP(+P) in 2 % acetic acid and scored for 

quality using the χ2 equation:
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(4)

where Iexp(q) is the experimentally determined SANS intensity curve, Icalc(q) is the 

calculated intensity curve from the model structure, and σexp(q) is the q-dependent variance. 

The sum was taken over 60 data points (N = 60). The lowest energy structure with the model 

SANS curve that best fit the data was used as a starting point for further structure modeling.

The SASSIE program(Curtis et al., 2012) was used to generate an ensemble of structures 

from this best-fit starting structure for comparison to the SANS data. A variety of structures 

were generated by randomly varying backbone dihedral angles within the regions of the 

protein that are disordered in the Rosetta model structures, i.e., residues 1 to 22, residues 33 

to 43, residues 48 to 49 and residues 57 to 59. After each randomly-chosen angle was 

rotated by a given value, the final value was checked to determine if it was energetically 

probable, based on an energy function using the Charmm-22 all-atom protein force-field 

parameters.(MacKerell et al., 1998) Each new configuration was checked for overlap of α-

carbon atoms using a distance criterion of 3 Å. If both checks were met, the new structure 

was accepted and Rg was calculated. All structures were energy minimized using the 

program NAMD(Phillips et al., 2005) prior to the calculation of model SANS curves.

Examination of a plot of χ2 versus Rg provides an idea of how well the individual structures 

in the ensemble fit the data. The best (lowest χ2) and worst (highest χ2) fit model SANS 

curves are noted, along with the average model SANS curve from the entire ensemble of 

accepted structures. These curves were plotted along with the experimental SANS data to 

aid in the visualization of the quality of the fits to the data.

Nuclear Magnetic Resonance (NMR) spectroscopy

Varian Inova-500 and -750 spectrometers equipped with an HCN-probe and pulse field 

gradients were used to collect NMR data at 20°C on the double-labeled (13C-, 15N-) 

rLRAP(−P) sample (2 mg/ml or ~0.3 mM) in 2% acetic acid (pH 2.8) and in 150 mM NaCl 

SCP solutions (pH 7.4). Three-dimensional HNCACB and CCC-TOCSY data were 

collected to assign the amide cross peaks in the two-dimensional 1H-15N HSQC spectrum 

and to acquire 13Cα and 13Cβ chemical shifts. All NMR data were processed using 

Felix2007 (MSI, San Diego, CA) software and analyzed with the program Sparky (v3.115) 

(Goddard). The 1H, 13C, and 15N chemical shifts were referenced using indirect methods.

(Wishart et al., 1995) The random coil values used in the 13Cα and 13Cβ chemical shift plots 

were from CNS (cns_solve_1.1).

RESULTS

Zeta potential of LRAP (+P) as a function of pH

Figure 2 shows the zeta potential of LRAP(+P) solutions at 0.5 mg/mL in SCP solution as a 

function of pH and ionic strength. The zeta potential is positive at low pH and negative at 

high pH with an isoelectric point around pH 4.1. The zeta potential decreases with 

increasing ionic strength from 50 mM to 150 mM NaCl.
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SV studies of quaternary structures

Standardized sedimentation coefficient (s20,w) distributions were obtained for LRAP(+P) in 

SCP solution at 150 mM NaCl, pH 7.4 as a function of LRAP concentration. The solutions 

were formed at 2 mg/mL LRAP(+P) and then diluted in SCP solution to 1.0 and 0.5 mg/mL. 

The species distribution for the 2 mg/mL solution is shown in Figure 3, distributions for 0.5 

and 1.0 mg/mL LRAP(+P) are shown in Figure S1, and the sedimentation coefficients 

(s20,w) and weight % species for all concentrations are summarized in Table 1. The size 

distributions are dominated by one major peak for all three concentrations. The 

sedimentation oefficient, together with the best-fit frictional coefficient ratio relative to an 

anhydrous sphere (f/f0 ratio), imply this major peak has a mass of ~ 6.3 kD, consistent with a 

monomeric species. The assignment of the major component to a monomer was also 

confirmed by time derivative analysis.(Philo, 2006) Repetitions of samples showed that the 

sedimentation coefficient values for the monomers are reproducible with errors of 1.4% and 

2.4% for the 1 and 2 mg/mL solutions, respectively (Table S1).

The 0.5 mg/mL solution is 100% monomer and the solutions at higher concentration have a 

very small percentage of larger species (0.2% and 0.6% for the 1.0 mg/mL and 2.0 mg/mL 

solutions, respectively). The peaks at 1.5 S, 3.6 S, and 6.6 S for the 2.0 mg/mL solution and 

5.3 S, 10.5 S, and 13.5 S for the 1.0 mg/mL solution are suggestive of oligomers with a 

range of sizes. The oligomer species are reported as two classes in Table 1, small oligomers 

from 1.1 S to 1.6 S, and oligomers larger than 1.6 S. The peak positions and concentration of 

the oligomers vary between repetitions of the same sample as shown in Figure S2. Also, 

there were differences in oligomer concentration and distribution with changes in the sample 

preparation method. As discussed in detail later, we believe that the oligomers are derived 

from larger aggregates formed at the isoelectric point of LRAP. The oligomers, therefore, 

are metastable, nonequilibrium species, originating from the sample preparation method. 

The peak positions for the smallest minor components are in the range of 1.1 S to 1.6 S, 

consistent with species in the size range of dimers to tetramers.

Although the sedimentation coefficient for pure monomer should decrease with increasing 

protein concentration by at least 0.9% per mg/mL due to excluded volume effects,(Laue et 

al., 1992) in this case there is no significant change in sedimentation coefficient with 

increasing protein concentration (Table 1 and Table S1). Therefore, the sedimentation 

coefficient values are somewhat larger than expected at the higher protein concentrations, 

and this difference appears to be larger than can be accounted for by experimental error. 

This suggests that the sample is exhibiting weak, rapidly reversible, self-association 

reactions on a time scale too short to result in any resolved oligomer peaks. We believe the 

peak we have been describing as a “monomer” at concentrations above 0.5 mg/mL, 

therefore, represents a dynamic mixture of monomers and a few percent or less of short-

lived dimers or other larger species. In summary, there are two kinds of structures in the 

LRAP solutions: a large concentration of monomers in rapid, reversible association with 

other monomers and a small concentration of oligomers that are metastable.

In addition to the pH 7.4, 150 mM NaCl SCP conditions, we also studied LRAP(+P) 

structure using sedimentation velocity under a range of solution conditions from 50 to 200 
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mM NaCl and pH values of 5.8 to 7.4. The results are summarized in Table 2. The data 

show that the monomer is the dominant species over all of the solution conditions and pH 

values studied. The monomer percentage was as low as 84.4% for the 50 mM NaCl, pH 5.8 

LRAP(+P) solution and as high as 97.9% for the 200 mM NaCl, pH 8.0 LRAP(+P) 

solutions.

Although monomers are the dominant species over most of the pH range, we observed large 

structures by DLS (~1400 nm diameter) and visible cloudiness in 1 mg/mL solutions in the 

pH range 4.2 to 4.4. Since our LRAP solutions are below the solubility limit for this pH 

range,(Tan et al., 1998) we believe the structures are LRAP(+P) aggregates formed at low 

charge near the isoelectric point of LRAP(+P) as determined by the zeta potential 

measurements shown in Figure 2. Previous dynamic light scattering (DLS) studies also 

showed aggregation of 2 mg/mL LRAP in this pH range.(Le Norcy et al., 2011) As the pH is 

adjusted above pH 4.4, the visible cloudiness disappears, the solutions become clear, and 

monomers become the dominant species. Above the isoelectric point, therefore, LRAP 

develops a negative charge which promotes dissolution of the aggregates to monomers and a 

small fraction of oligomers as small as dimers and trimers. Since the oligomers do not 

dissolve completely to the equilibrium monomeric species in the time course of the 

experiments, they represent metastable, nonequilibrium species. The % oligomeric species 

are highest at pH 5.8 and there was a general trend that the % oligomers decrease with 

increasing salt concentration from 50 mM to 200 mM NaCl. These trends may represent 

trends in the degree of dissolution of the aggregates formed near the isoelectric point.

Previous studies have observed LRAP “nanospheres” adsorbed onto surfaces and imaged by 

TEM(Le Norcy et al., 2011) and AFM. (Habelitz et al., 2006; Tarasevich et al., 2010) Our 

SV studies at similar solution conditions have found that the solutions contain primarily 

monomers with up to 16% oligomers. Our studies, therefore, suggest that the “nanospheres” 

seen previously on surfaces may be the same as the structures we observe in solutions that 

we are calling “nonequilibrium oligomers.” The monomers we observe as the majority 

species may also have adsorbed onto the surfaces previously studied but may be difficult to 

detect experimentally.

We also found that the monomer is the dominate species in solutions containing LRAP(+P) 

in 2.5 mM CaCl2, pH 7.4 solutions and LRAP(−P) in 150 mM NaCl SCP, pH 7.4 solutions 

as shown in Table S2. Previous studies used small angle x-ray scattering (SAXS) to 

determine that LRAP(+P) under similar solution conditions (2 mg/ml, 2.5 mM CaCl2, pH 

7.4) had a radius of gyration, Rg, of 4.4 nm.(Le Norcy et al., 2012) They interpreted this 

result to suggest that LRAP formed particles or aggregates under this solution condition. 

Since we found 94% monomers and 6% oligomers in our samples at a similar solution 

condition (Table S2), another way to interpret the SAXS data is that the 4.4 nm diameter 

represents the average size over the monomers and oligomers present in solution. SAXS is a 

scattering technique that measures the average size over the intensity weighted distribution 

of species in contrast to SV which determines a species distribution. Our experience with 

SANS, another scattering technique, is that if we had 5–10% oligomers in our solutions, we 

obtained average sizes of around 4–8 nm Rg, even though SV of the same sample showed 

we had 90–95% monomers at 2 nm Rh. The presence of oligomers mixed with monomers, 
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therefore, can shift up the average size of species studied by scattering techniques such as 

SAXS and SANS. If we were careful about making our solutions and reduced the % 

oligomers down to 1–2%, we obtained SANS sizes of around 2 nm Rg, consistent with the 

SV size we found for the LRAP monomer.

SV studies of monomer tertiary structure

Since the monomer is the dominant quaternary structure of LRAP observed over a range of 

protein concentrations, pH values, salt concentrations, and phosphorylation state, we 

decided to further study the tertiary structure of the LRAP monomer by determining its 

hydrodynamic radius (Rh) and f/f0 ratio, both of which were determined from the observed 

sedimentation coefficient and the known monomer mass. The f/f0 ratio is the frictional 

coefficient of the macromolecule relative to the frictional coefficient of an anhydrous sphere 

and is a function of the shape and hydration of the species. In the absence of hydration, an 

f/f0 ratio of 1 indicates a spherical shape, while an f/f0 ratio greater than 1 suggests an 

asymmetric shape. We obtained sedimentation coefficient distributions and f/f0 ratios of 

LRAP as a function of solution pH at solution concentrations of 0.065 mg/mL. A low 

protein concentration was used to decrease the extent of self-association of LRAP 

monomers which would affect the measured s20,w values. The f/f0 ratio was then calculated 

from the measured sedimentation coefficient of the monomer peak and the known monomer 

mass.

Table 3 is a summary of sedimentation coefficient values, Rh values, and f/f0 ratios for the 

monomer ordered by pH and Table S3 shows a summary of percent species for the various 

solution conditions. Repetitions of LRAP(+P) in 150 mM NaCl, SCP, pH 7.4 sample 

resulted in percent errors of ~0.5% for the sedimentation coefficient, Rh, and f/f0 ratio 

values. The hydrodynamic radius, Rh, of LRAP(+P) aggregates at pH 4.2 was also 

determined by DLS. Table 1 and the plot in Figure 4a show that the solutions contain ~2 nm 

radius monomers over the entire pH range except near the isoelectric point where 130 nm 

aggregates are formed. Figure 4b shows the f/f0 ratio plotted as a function of solution pH. 

The f/f0 ratio for SCP solutions at 50 mM NaCl is highest at pH 3 (1.64) and decreases 

slightly with increasing pH. LRAP has f/f0 ratios ranging from 1.52 to 1.64 over all of the 

solution conditions used, indicating that LRAP has a more extended or flexible structure 

than globular proteins which have f/f0 ratios of 1.2 to 1.3.(Schuck, 2000)

Table 3 shows that the Rh also decreases slightly for LRAP(+P) at 50 mM NaCl with 

increasing pH, from 2.09 at pH 3 to 2.02 at pH 8. Increasing the NaCl concentration to 150 

mM at pH 7.4 results in a smaller Rh and f/f0 ratio suggesting a more compact structure. 

LRAP(+P) and LRAP(−P) has the same size and shape in 150 mM, pH 7.4 SCP solutions 

suggesting that phosphorylation of S16 has little effect on the protein’s tertiary structure at 

that pH. LRAP(+P) solutions containing 2.5 mM CaCl2 at pH 7.4 have the smallest Rh (1.93 

nm) and smallest f/f0 ratio (1.52), indicating that the monomer collapses in the presence of 

calcium. A previous small angle X-ray scattering (SAXS) study also showed that LRAP is 

more compact in the presence of calcium.(Le Norcy et al., 2012)
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SANS studies of tertiary structure

The I(q) vs. q SANS curves are shown in Figure 5 and the corresponding Guinier, Kratky, 

and P(r) versus r plots are provided in the supplementary section (Figures S3–S5). Figure 5a 

shows the SANS data for 1 mg/mL LRAP(+P) in 2% acetic acid (pH 2.7) and in 150 mM 

NaCl, SCP solution (pH 7.4) where the two curves are identical within experimental error. 

Figure 5b shows the SANS data for LRAP(+P) in 2% acetic acid at 1 and 2 mg/mL where 

the curves are also identical within experimental error. Table 4 lists the radius of gyration, 

Rg, and I(0) values determined for these samples from the SANS data and those calculated 

from the LRAP amino acid sequence.

Since all of the SANS curves are essentially identical, we chose to perform structural 

modeling on the 2 mg/mL LRAP(+P), 2% acetic acid (pH 2.7) data set because it contained 

the best signal-to-noise and the widest q-range. The lowest energy Rosetta model structure 

that best fit the SANS data had a χ2 value of 1.6. Using this Rosetta model structure as the 

starting point, an ensemble of 9427 accepted, energy-minimized structures was generated 

with SASSIE. Model SANS curves were calculated for each of the structures in the 

ensemble and compared to the data. Figure 6a shows the original 2 mg/mL 2% acetic acid, 

pH 2.7 SANS data along with model SANS traces for the average and best-fit SASSIE 

structures. Both model traces lie within the experimental limits of the original data showing 

that the SASSIE analyses generated structures that fit the SANS data well. Figure 6b is a 

plot of χ2 versus Rg that includes the SASSIE-derived structures along with the 10 lowest 

energy Rosetta structures. Clearly, the SASSIE ensemble provides a broader distribution of 

structures that fit the SANS data than the 10 best Rosetta model structures. The distribution 

of SASSIE structures indicates that LRAP(+P) can adopt a range of conformations 

dominated by extended structures with Rg of 1.5 – 2.5 nm.

NMR studies of the secondary structure of rLRAP(−P)

Studies of the secondary structure of full-length amelogenin have been performed using 

NMR at low pH (~3–4) where amelogenin exists as a monomer. (Buchko et al., 2008; Delak 

et al., 2009) It is not possible to obtain structural information of the amelogenin monomer 

within the oligomer or nanosphere at physiological conditions (pH 5.8 – 8.0) using current 

NMR methods because of severe spectral line broadening. Our discovery that LRAP is a 

monomer under most solution conditions provides an opportunity to study the secondary 

structure of an amelogenin under physiological conditions using NMR. We were limited to 

studying LRAP with unphosphorylated S16 (LRAP(−P) because NMR studies required 

recombinant synthesis to uniformly label LRAP with 15N and 13C. It is not possible to 

recombinantly synthesize LRAP and enzymatically phosphorylate only one serine residue at 

S16. Attempts were made to obtain HSQC spectra on unlabeled LRAP (+P) but the 

concentration of naturally abundant 15N and 13C wasn’t enough to give good spectra.

Regions of secondary structure in a protein may be identified from the chemical shifts of 

the 13Cα and 13Cβ side chain atoms of amino acid residues. Relative to random coil chemical 

shift values (Δδ13C = δRandom coil-δObserved), these carbon chemical shifts are associated with 

α-helical (negative 13Cα, positive 13Cβ) or β-strand (positive 13Cα, negative 13Cβ) secondary 

structure. The deviations of 13Cα and 13Cβ for LRAP(−P) in 150 mM NaCl, SCP buffer, pH 
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7.4 is shown in Figure 7. Most of the 13Cα and 13Cβ chemical shifts for LRAP(−P) do not 

deviate significantly from random coil values, with most differences less then 1 ppm. 

Furthermore, there are no consecutive runs for four or more residues of corresponding 

positive/negative or negative/positive deviations. Similar observations were made for the 

deviations of the 13Cα and 13Cβ of LRAP(−P) in 2% acetic acid (pH 2.8) (Figure S6). The 

solution NMR data for LRAP(−P), therefore, is consistent with random coil structures in the 

C-terminal and N-terminal regions. It was not possible to obtain 13Cβ data in the K24-I30 

region where a canonical α-helix has been observed by solid state NMR (SSNMR) and 

Rosetta simulations.(Masica et al., 2011) The NMR data suggests a largely disordered 

structure for LRAP (−P), similar to the disordered, extended conformation reported for full-

length porcine amelogenin at pH 3.8 in solution.(Delak et al., 2009) Circular dichroism (CD) 

spectra obtained for the phosphorylated LRAP (+P) in SCP at pH 7.4 and in solutions with 3 

mM CaCl2 (Figure S7) show that LRAP (+P) also has a largely disordered secondary 

structure.

DISCUSSION

LRAP quaternary structure

Although numerous studies have shown that full-length amelogenin can self-assemble into 

quaternary structures called nanospheres, (Fincham et al., 1995; Moradian-Oldak, Tan, and 

Fincham, 1998b) there has been little research on the quaternary structures of LRAP. Our 

data shows that LRAP(+P) is primarily a monomer over a wide range of protein 

concentrations, salt concentrations, pH values, and in the presence of calcium. The only 

solution condition where monomers are not the dominant species is near the isoelectric point 

where LRAP(+P) has a low charge and aggregates due to the loss of electrostatic repulsive 

forces. LRAP(+P), therefore, is a monomer at pH 3, aggregates at low charge in a pH range 

of 4.2 – 4.5, then forms monomers at pH values from 4.5 to 8.0, as shown in Figure 4a. This 

behavior is in sharp contrast to full length amelogenin which can form a range of quaternary 

structures as a function of pH. Amelogenin exists as monomers at pH 3, oligomers at pH 

5.5, and nanospheres, self-assemblies of oligomers, at pH 6.8 and higher. (Bromley et al., 

2011)

Our data shows that LRAP(−P) has the same monomeric quaternary structure, size, and 

shape as LRAP(+P) at pH 7.4 in solution. Since the solution structures of LRAP(−P) and 

LRAP(+P) appear similar, further discussion will refer to LRAP in a general way. Although 

monomers are the dominant species in LRAP solutions at pH values higher than the 

isoelectric point, the solutions also contain a relatively low concentration of oligomeric 

species (0 – 16%). Our studies suggest that the oligomers are derived from the larger 

aggregates that are formed near the isoelectric point as the solution pH is increased from the 

starting pH of ~3.0. As the pH is increased above the isoelectric point, LRAP develops a 

negative charge which promotes dissolution of the aggregates to monomers and a small 

fraction of oligomers as small as dimers and trimers. When we change the way the solutions 

are made and dilute LRAP into basic buffer, avoiding the low charge pH regime, we find 

that the oligomer concentrations are greatly reduced.
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Because the oligomers are present in relatively low concentrations, vary in concentration 

and size sample to sample, and are not present when the aggregation pH regime is avoided 

during sample preparation, we suggest that these species represent nonequilibrium 

structures. They are derived from aggregates formed near the isoelectric point of LRAP that 

do not dissolve completely to the equilibrium monomeric species at the final pH within the 

2–3 day period between sample preparation and the SV measurement. We conclude, 

therefore, that LRAP does not form stable nanospheres under physiological conditions (pH 

5.8 – 8.0). The lack of nanosphere formation for LRAP is consistent with a previous study 

on LRAP interactions using a yeast two-hybrid assay(Paine and Snead, 1997).

The differences in behavior between LRAP and amelogenin may lead to clues on what 

protein-protein interactions are important in self-assembly. Table 1 shows that murine 

LRAP consists of the N-terminal residues M1-P33 and C-terminal residues P155-D180 of 

murine amelogenin but lacks the large central Y34-Q154 region. This suggests that the 

missing central region is necessary for nanosphere formation. This central region is very 

hydrophobic, rich in histidine (H, 13 residues), proline (P, 29 residues), and glutamine (Q, 

23 residues). Fluorescence experiments of single tryptophan porcine amelogenin mutants 

showed that there are protein-protein interactions in the W25 and W45 region that increase 

as amelogenin forms oligomers at pH 5.5 and nanospheres at pH 8.0.(Bromley et al., 2011) 

The W45 region is located in the N-terminal side of the central domain that is missing in 

LRAP. The authors suggest that interactions near W25 and W45 promote oligomer 

formation at pH 5.5 and that further deprotonation of histidine residues in the central domain 

as the pH is raised leads to aggregation of the oligomers to form nanospheres. Hydrophobic 

interactions involving the central domain may also promote oligomer-oligomer binding.

Although the central hydrophobic region is necessary to promote oligomer and nanosphere 

formation in full length amelogenin, the N and C-terminal domains have been proposed to 

have important roles in controlling the interactions,(Buchko et al., 2008) size,(Moradian-

Oldak, 2000) polydispersity,(Moradian-Oldak, 2000) and hierarchical structure (Fang et al., 

2011) of the nanospheres. For example, removal of the N-terminal domain resulted in 

aggregates ranging in size from 3 to 38 nm radius in contrast to the 20 nm radius 

monodisperse nanospheres of full-length amelogenin.(Moradian-Oldak, 2000) Removal of 

the C-terminus resulted in larger aggregates (49 nm radius). Fang et al. proposed that the C-

terminus may be important in the time-dependent self-assembly of amelogenin into a 

double-ring barrel dodecamer as an intermediate to the formation of nanospheres as studied 

by cryo-TEM(Fang et al., 2011). Amelogenin that was lacking the C-terminus (rM166) did 

not form the dodecamer oligomer intermediate.

LRAP tertiary structure (size and shape)

The SASSIE simulations show that LRAP has limited tertiary folding and is flexible enough 

to have a number of possible tertiary conformations. The hydrodynamic radius, Rh, from SV 

and radius of gyration, Rg, from SANS are both ~2.0 nm. This size is consistent with the 

smallest LRAP sizes obtained previously by DLS.(Le Norcy et al., 2011) Both SV and 

SANS show that LRAP is extended with an asymmetric structure. For example, the SV f/f0 

ratio of ~1.6 are typical of asymmetric proteins such as antibodies and indicate a 
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significantly more extended or flexible structure than globular proteins with f/f0 ratios of 

1.2–1.3.(Schuck, 2000) The SASSIE simulations from the SANS data shown in Figure 6 

also indicate that LRAP has an asymmetric structure. The size and shape of LRAP was the 

same at pH 2.7 and pH 7.4 according to the SANS studies. This suggests that the small 

increases in the f/f0 ratio from 1.59 at pH 8 to 1.64 at pH 3 may be due to slight increases in 

hydration and not due to any significant changes in shape.

LRAP secondary structure

Solution NMR studies of LRAP(−P) at low (2.8) and high (7.4) pH are consistent with a 

predominantly unstructured protein, consistent with circular dichroism studies of LRAP (Le 

et al., 2006; Chen et al., 2007). SSNMR studies have also shown evidence for random coil 

structures in the C-terminus and random coil to loose helices in the inner N-terminus of the 

protein when lyophilized from solution. (Masica et al., 2011; Lu et al., 2013; Tarasevich et 

al., 2013) Rosetta simulations showed that the C-terminus (48–55) and inner N-

terminus(10–20) had regions that were partially helical, sampling both helical and turn-like 

conformations.(Tarasevich et al., 2013) The solution NMR studies presented here suggest 

that any loose or partially helical conformations in the terminal regions observed in the solid 

state or by simulation are likely transient in nature when LRAP is in solution. The Rosetta 

simulations(Masica et al., 2011) especially overestimate the degree of helical structure in the 

C and N-terminal regions compared to the experimental studies. The most structured part of 

LRAP is a stable helix localized in the L23-R31 region as evidenced by both SSNMR 

experiments and Rosetta simulations.(Masica et al., 2011) This region, however, was 

experimentally inaccessible by the solution state NMR experiments described here.

Although only LRAP(−P) was studied by solution NMR in this study, CD studies show that 

LRAP(+P) is also predominantly unstructured. The local secondary structures of both 

LRAP(+P) and LRAP(−P) in the lyophilized state were also studied by SSNMR 

measurements of the 13C-15N backbone distance. (Masica et al., 2011; Lu et al., 2013) There 

were no significant differences in structure between LRAP(+P) and LRAP(−P) in the V19-

L23 and K24-S28 regions and moderate differences in the G8-Y12 and K15-V19 regions. 

Interestingly, CD studies show no evidence of secondary structure for LRAP(+P) in the 

presence of calcium even though our SV studies and previous SAXS studies(Le Norcy et al., 

2012) find that LRAP has a more collapsed tertiary structure in the presence of calcium. 

This result suggests that calcium does not induce a random coil to α-helix or β-sheet 

transition for LRAP, consistent with previous studies.(Le et al., 2006)

Physiological significance

The general LRAP secondary, tertiary, and quaternary structures are similar to those of the 

SIBLING family of biomineralization proteins, known to be involved in the formation of 

bone and dentin.(George and Veis, 2008) These glycoproteins include bone sialoprotein 

(BSP), dental phosphophoryn (DPP), dentin matrix protein 1 (DMP1), and dentin 

sialoprotein (DSP). The SIBLING proteins exist as monomers, have flexible backbones, and 

have limited global secondary or tertiary structure.(Fisher et al., 2001) There is evidence that 

the SIBLING proteins can have dual roles in bone and dentin formation - a structural 

function in guiding crystal nucleation and growth and a cell signaling function.(George and 
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Veis, 2008) For example, BSP has been suggested to be the main nucleator of HAP in 

bone(Ganss et al., 1999) and promotes osteoblast differentiation.(Gordon et al., 2007) Like 

the SIBLING proteins, the monomeric, flexible, and relatively unstructured nature of LRAP 

may be important in its function as a cell signaling molecule, promoting binding interactions 

with cell surface receptors. In addition, a flexible, monomeric protein conformation may be 

important in controlling the nucleation and growth of HAP crystals, allowing adaptation to 

the growing crystal lattice. The SV, SANS, and NMR techniques developed here to 

elucidate the structure of LRAP can also be applied to studying truncated forms of LRAP 

formed by cleavage by the enamel protease Mmp-20. (Li et al., 1999; Nagano et al., 2009) 

LRAP and other amelogenin proteins degrade during the process of enamel formation and 

the cleavage products may have different biological functions compared to the parent 

proteins.

SUMMARY

Our studies have shown that analytical techniques such as SV and SANS can provide 

important insights into the structure and function of biomineralization proteins. We found 

that LRAP does not form nanospheres like the higher molecular weight amelogenins and 

exists as a monomer over a range of solution conditions. This result supports the hypothesis 

that the central hydrophobic domain present in full length amelogenin is critical to self-

assembly. The LRAP monomer is extended and flexible with limited tertiary folding and a 

limited degree of local secondary structure. The quaternary and tertiary structure of LRAP is 

relatively unchanged as a function of solution pH which may be critical to its function in an 

enamel environment of changing solution conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Primary amino acid sequence of murine amelogenin with the basic and acidic residues 

colored blue and red, respectively. The splice variant LRAP is composed of the N-terminal 

33 and C-terminal 26 residues, shaded yellow. Both full-length amelogenin and LRAP are 

post-translationally modified by side chain phosphorylation of S16, colored green. The 

serine at position 16 was either phosphorylated (LRAP(+P)) or non-phosphorylated 

(LRAP(−P)).
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Figure 2. 
Zeta potential of LRAP (+P) in SCP solution at 50 and 150 mM NaCl as a function of pH. 

Data points are connected by smoothed lines.
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Figure 3. 
Normalized sedimentation coefficient distribution for LRAP(+P) in 150 mM NaCl, pH 7.4 

SCP solution at 2 mg/mL with a 400x expansion in the inset. Peaks are labeled with % 

amount and sedimentation coefficient, s20,w, value in svedbergs (S). The main peak was 

determined to represent a monomer and the s20,w value of the monomer peak is the average 

over the peak.
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Figure 4. 
a) Rh for LRAP(+P) species in 0.065 mg/ml 50 mM NaCl SCP solutions including Rh of 

monomers determined by SV (open blue circles) and Rh of aggregates at pH 4.2 determined 

by DLS (filled blue circle), b) SV-determined f/f0 ratios for monomers in 0.065 mg/mL 

LRAP solutions including LRAP(+P) in 50 mM NaCl SCP (blue circles), LRAP(+P) in 150 

mM NaCl SCP at pH 7.4 (green square), LRAP(−P) in 150 mM NaCl SCP at pH 7.4 (red 

triangle), and LRAP(+P) in 2.5 mM CaCl2 at pH 7.4 (orange diamond).
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Figure 5. 
SANS I(q) vs. q data for a) 1 mg/mL LRAP(+P) in 2% acetic acid (pH 2.7) (black) and 150 

mM NaCl, SCP (pH 7.4) (red) and b) 2 mg/mL (blue) and 1 mg/mL (black) LRAP(+P) in 

2% acetic acid (pH 2.7) with the 2 mg/mL data normalized to the 1 mg/mL data to allow 

better comparison of the curves.
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Figure 6. 
a) The SANS data from 2 mg/mL LRAP(+P) in 2% acetic acid (pH 2.7) along with the 

corresponding average (red) and best-fit (blue) model trace from the SASSIE calculations. 

The best-fit (blue) LRAP(+P) structure is shown under the traces. b) A χ2 versus Rg plot for 

the ensemble of 9427 SASSIE structures derived from the SANS data for 2 mg/mL 

LRAP(+P) in 2% acetic acid (pH 2.7). The corresponding points for the 10 lowest energy 

Rosetta model structures are shown in red. The best-fit (black) SASSIE structure and best-fit 

(red) lowest energy Rosetta structure are superimposed above the traces.
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Figure 7. 
Analysis of the observed 13Cα and 13Cβ chemical shift deviations from random coil values 

for LRAP(−P) in 150 mM NaCl, SCP solution, pH 7.4 where Δδ13C = δRandom coil-δObserved. 

Red = 13Cα, cyan = 13Cβ. Asterisks indicate residues where it was not possible to obtain 

unambiguous 13Cβ assignments. The dashed purple line separated the residues present in the 

N- and C-terminal ends of full-length murine amelogenin. Random coil values obtained 

from cns_solve_1.1.
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