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†Department of Preventive and Restorative Dental Sciences, University of California, San 
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‡Division of Pure and Applied Biochemistry, Center for Applied Life Sciences, Lund University, 
P.O. Box 124, SE-221 00, Lund, Sweden

Abstract

Mechanisms of protein-guided mineralization in enamel, leading to organized fibrillar apatite 

nanocrystals, remain elusive. In vitro studies reveal recombinant human amelogenin (rH174), a 

matrix protein templating this process, self-assembles into a variety of structures. This study 

endeavors to clarify the self-assembly of rH174 in physiologically relevant conditions. Self-

assembly in simulated enamel fluid was monitored up to 2 months. At alkali (7.3–8.7) and acidic 

(5.5–6.1) pH ranges, a distinct progression in formation was observed from nanospheres (17–23 

nm) to intermediate-length nanorods, concluding with the formation of long 17–18 nm wide 

nanoribbons decorated with nanospheres. Assembly in acidic condition progressed quicker to 

nanoribbons with fewer persistent nanospheres. X-ray diffraction exhibited reflections 

characteristic of antiparallel β-sheets (4.7 and 9.65 Å), supporting the model of amyloid-like 

nanoribbon formation. This is the first observation of rH174 nanoribbons at alkaline pH as well as 

concurrent nanosphere formation, indicating both supramolecular structures are stable together 

under physiological conditions.
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INTRODUCTION

Enamel is the hardest tissue in mammals and the outermost covering of the tooth. Mature 

enamel gets its strength from the microscopic arrangement of hydroxyapatite fibers, with an 

extremely high aspect ratio at 50 nm wide and up to hundreds of microns in length.1 These 

crystalline fibers are further ordered into 4–5 μm diameter rods with interrrod micro-

structure regions, providing resistance to chipping and crack propagation.2 This structure is 

patterned during the secretory stage of amelogenesis, when an organic matrix is laid down 

by ameloblasts accompanied by initial formation of thin mineral ribbons of 2–4 nm 

thickness and 15–20 nm width.

During amelogenesis, ameloblast cells are responsible for excretion of the organic matrix 

template through the Tomes’ process into the extracellular space. The resultant protein 

matrix is composed primarily of the protein amelogenin and its cleavage products (~90%), 

along with other proteins (ameloblastin, enamelin, amelotin, biglycan), which provide 

structural scaffolding for biological apatite (Ca5(PO4, CO3)3(OH, F)) crystal formation.3–5 

This scaffold is enzymatically processed initially by the enzyme matrix metalloproteinase-20 

(MMP-20) and further degraded by kallikrein-related peptidase-4 (KLK-4) as the cells 

transition into the maturation phase, in which protein is removed from the extracellular 

space to allow for expansion of apatite mineral into fibers.

Due to this enzymatic cleavage of the organic matrix, only trace amounts of protein are 

detected in mature enamel. As such, the exact configuration of the protein structures in vivo 

during amelogenesis is difficult to verify. Several studies have shown the presence of cross-

beta (cross-β) amyloid structures in developing enamel using X-ray Diffraction (XRD). The 

protein amelogenin is essential for proper enamel formation, as in the absence of 

amelogenin, a disorganized and prismless tissue that lacks the microstructural characteristic 

of mammalian enamel is formed.6,7 Amelogenin is a hydrophobic protein with a hydrophilic 

C-terminal region. This C-terminus as well as the N-terminal region are highly conserved 

within mammalian species, accenting their importance during protein assembly and 

mineralization.8 Amelogenin has demonstrated the ability to self-assemble into a variety of 

quaternary structures in vitro, most notably nanospheres and nanoribbons (Table 1), which 

may be responsible for the templating of enamel.

During the 1990s, investigation into the self-assembly of amelogenin indicated that the 

protein assembled into 12–18 nm nanospheres when incubated in 20 mM Tris-HCl (pH 8.0, 
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23 °C).9 These nanospheres are proposed to assemble via intermediate 4–5 nm structures, 

composed of 4–6 nm amelogenin monomers assembled intracellularly prior to secretion into 

the matrix.10,11 Nanosphere diameter is dependent on pH and temperature, sometimes 

aggregating into larger 60–70 nm particles at 37 °C.12,13 When adsorbed onto charged 

surfaces and studied by Atomic Force Microscopy (AFM), nanospheres are destabilized and 

disaggregate, evidenced by small monomeric or oligomeric structures.14–16 Based on 

observation of similar sphere-like structures in developing enamel using transmission 

electron microscopy (TEM), it was proposed that these nanospheres, assembled into bead-

like chains, serve as the substrate for oriented hydroxyapatite mineral deposition.17,18 

However, the accurate interpretation of these TEM micrographs and the possibility of 

imaging artifacts has been called into question.19

More recently, filamentous or ribbon-like assemblies of amelogenin without nanosphere 

intermediates were observed in vitro by our laboratory.24 Initial assemblies performed in an 

oil–water emulsion system containing calcium and phosphate, resulted in formation of 17 

nm diameter nanoribbons that measured micrometers in length.24,25 These structures are 

reproducible in an aqueous-only system resulting in similar ribbons. The formation of 

ribbons at acidic pH is likely driven by ion-bridged dimers assembling in parallel that then 

elongate into ribbons.28 The inclusion of both calcium and phosphate, the major mineral 

components of hydroxyapatite, are necessary for direct ribbon formation.28 XRD of these 

ribbons exhibits a 4.7 Å peak, indicative of β-sheet conformation that correlates well to 

diffraction patterns of developing bovine enamel.29 This spacing is also consistent with 

cross-β configuration of structural amyloids, which have been detected in developing murine 

enamel.27 Further in silico studies have highlighted several different peptide domains within 

amelogenin that have a high likelihood to form β-sheets.26

Both the nanosphere and nanoribbon models are assembled in conditions that are not 

physiological in respect to pH or ionic composition (Table 1). The alkaline pH 8.0 that 

drives nanosphere formation and the acidic pH 5.5 resulting in nanoribbons lie at the 

extrema of what is found during amelogenesis. DLS studies have confirmed that amelogenin 

assembly is tightly regulated by pH.30 A study of developing bovine enamel indicates that 

enamel tissue is composed of alternating acidic (pH 5.8–6.0) and neutral (pH 7.0–7.2) 

regions, attributed to pH neutralization mechanisms by ameloblasts.31 Similar fluctuations 

occur in rat incisor enamel between acidic (pH 6.2–6.8) and neutral regions (pH 7.2) during 

maturation. This variation in pH may also be attributed to the process of mineralization.32,33 

The mineral composition of both the nanosphere and nanoribbon systems also do not reflect 

that of physiological enamel fluid, especially in respect to calcium and phosphate, the ionic 

components of hydroxyapatite. Nanoribbons are formed at high ionic concentrations of 

calcium and phosphate (3–33 and 2–21 mM, respectively). Conversely nanosphere 

formation has been reported in the absence of both mineral ions and nanospheres are 

destabilized when exposed to calcium and phosphate ions.28

As mature enamel lacks a cellular component, it is unable to regenerate. Thus, the 

understanding of amelogenin self-assembly at physiological conditions, the study of 

biomineralization during amelogenesis, and engineering of enamel mimetics as a restorative 

material, are of high priority.34 In this study, in order to explore how amelogenin self-
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assembly may occur in vivo, we sought to more closely mimic physiological conditions. As 

such, we utilized simulated enamel fluid (SEF), a solution based on the ionic components of 

immature secretory porcine enamel defined by Aoba et al. (Table 1).20 Herein, we 

investigate the self-assembly of recombinant human amelogenin (rH174) in SEF at two 

different pH ranges at 37 °C, utilizing AFM, TEM, and XRD analysis.

EXPERIMENTAL SECTION

Materials.

Recombinant human amelogenin (rH174) was synthesized by expression in BL21DE3 pLyS 

Escherichia coli, as previously described.26,35 Sodium fluoride was from Santa Cruz 

Biotechnology (Dallas, TX). Dipotassium phosphate was from Mallinckrodt 

Pharmaceuticals (St. Louis, MO). Sodium azide, magnesium chloride, and potassium 

chloride were from Thermo Fisher Scientific (Waltham, MA). All other reagents were 

purchased from Sigma-Aldrich (St. Louis, MO). Statistical analyses were performed using 

Origin Pro 8.5.1.

Protein Self-Assembly.

rH174 was dissolved at 2 mg/mL in 1 mM HCl and allowed to incubate overnight at 4 °C to 

ensure dissolution. Assembly was initiated by mixing 2× SEF at a 1:1 ratio with protein 

solution, yielding final concentrations described by Aoba et al. (0.15 mM CaCl2, 3.9 mM 

K2HPO4, 0.83 mM MgCl2, 13.2 mM KCl, 129 mM NaCl, 10 mM NaHCO3, and 0.005 mM 

NaF).20 Sodium azide was added as an antibacterial to a final concentration of 0.03 wt %. 

Reaction solutions were then pH adjusted to either 5.5 or 7.3 using 0.1 M HCl or 0.1 M 

KOH, respectively. Samples were incubated at 37 °C, without addition of an organic buffer. 

The pH was measured at relevant time points and recorded using a micro-pH combination 

glass-electrode (Sigma-Aldrich). Self-assembly was monitored in three independent 

replicate experiments.

Atomic Force Microscopy (AFM).

Samples were prepared for AFM at various time points. pH of assembly solution was 

recorded and then 15 μL of solution deposited on freshly cleaved muscovite mica (Electron 

Microscopy Science, Hatfield, PA) or glass coverslip (Fisher Scientific). The substrate was 

incubated with the sample in a wet cell at 37 °C for 30 min. Remaining moisture was wicked 

away using a Kimwipe (Kimtech Science) and rinsed with 30 μL of distilled water, followed 

by wicking and air drying. AFM was performed on a Bruker Multimode 8 with Nanoscope 

V controller (Bruker, Santa Barbara, CA) in air using silicon cantilevers (Bruker ScanAsyst 

Air-HR or Peakforce-HIRS-F-A) in Quantitative Nanomechanical Mapping Mode. 

Micrographs were flattened and dimensions analyzed using Nanoscope Analysis v1.8 and 

ImageJ.

Transmission Electron Microscopy (TEM).

TEM samples were prepared on Formvar coated 200 mesh copper grids (Ted Pella Inc., 

Redding, CA). A total of 10 μL of assembly solution was incubated for 2 min on the grid. 

Solution was wicked away and the grid incubated on a droplet of 2% methylamine tungstate 
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(Nano-W, Nanoprobes Yaphank, NY) for 10 s, prior to liquid removal and rinsing for 5 s on 

a droplet of 0.02 μm filtered distilled water. Ambient temperature TEM was performed using 

a Tecnai T12 TEM (FEI Company, Hillsboro, OR) or JEOL JEM1400 (JEOL USA Inc., 

Pleasanton, CA) operating at 120 keV. Data was recorded with a 4 × 4 Gatan Ultra Scan 

CCD camera (Gatan, Pleasanton, CA).

X-ray Diffraction (XRD).

Powder XRD was performed at beamline 8.3.1 at the Advanced Light Source at Lawrence 

Berkeley National Laboratory using 0.11159 nm synchrotron radiation. Nanoribbon samples 

were synthesized as described above with the following change. One week prior to XRD 

collection, following 7 weeks of nanoribbon assembly, solutions were concentrated to 

approximately 2 mg/mL protein and 2× SEF by dehydration in order to encourage sample 

aggregation. This process was performed to eliminate the addition of precipitants for 

crystallization. Aggregates were directly scooped from 30 μL of solution using 

MicroMeshes with a 400 μm aperture and 10 μm mesh holes (MiTeGen, Ithaca, NY). 

Partially hydrated samples were measured immediately. Diffraction patterns for rH174 

assembled at both acidic and alkaline conditions, and a control of SEF salt alone was 

analyzed. XRD images were analyzed using FIT2D.36 Images were background subtracted 

for a blank sample grid collected at the conclusion of the session under the same scan 

parameters (4 s scan of 100 μm spot size with 180° sample tilt at 250 mm distance to 

detector), followed by Q-space radial integration. Profiles were analyzed using Origin Pro 

8.5.1 and peaks assigned manually.

RESULTS AND DISCUSSION

pH Assembly of rH174.

Protein was incubated in SEF at the initial pH of 5.5 and 7.3 at 37 °C. However, an increase 

in pH was observed over time in both solution conditions, rising to 6.1 and 8.7, respectively 

(Figure 1). This repeatable phenomenon was independent of the inclusion of protein (p < 

0.05), occurring in control samples of solvent alone. This rise in pH occurred in as little as 6 

h and has been attributed to the release of carbonate from SEF solution over time. A similar 

increase was observed in the literature in biological cell culture systems containing at least 

1.8 mM carbonate.37,38 When SEF of either pH was incubated in a cell culture 5% CO2 

incubator at 37 °C, this increase in pH was mitigated and pH held constant over incubation 

for up to 7 days, attributed to carbonate buffering (Figure S1). As such, the self-assembly 

reactions occurred at either the acidic range of 5.5–6.1 or an alkali range of 7.3–8.7. The 

acidic range tested is more physiological, spanning the range of pHs reported in developing 

enamel (5.8–6.0 and 7.0–7.2).31,32 The increasing pH at the alkali range, while originally 

intended to correspond to physiological pH of 7.3, reaches values above the pH of 

developing enamel within 1 week.

Progression of Nanostructure Formation (AFM).

AFM analysis showed a common progression of nanostructure formation when comparing 

the two pH ranges, with varying speeds of morphology change. In the alkaline sample, after 

1 week incubation nanospheres (Figure 2A, 22.9 ± 3.0 nm diameter) appeared. (Herein, we 
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will refer to 17–23 nm spherical superstructures as nanospheres. These are similar in size to 

the ~26 nm hydrodynamic diameter amelogenin spheres measured by DLS16 and recently 

reported 20–25 nm amelogenin subunits measured by TEM. 9) At 2 weeks, nanorods were 

observed (defined by an aspect ratio of 1.5–10) in addition to spheres (Figure 2B). 

Beginning at 3 weeks, nanoribbons (aspect ratio greater than 10) were observed, initially 

decorated with nanospheres. A dense network was formed by 4 weeks with a reduction in 

the number of nanospheres (Figure 2C). This is the first observation of nanoribbon 

formation at alkaline pH range in aqueous systems. However, at alkaline pH in SEF, 

nanoribbons required an incubation of almost three times longer than that observed 

previously at pH 4.5–5.5 with high concentrations of calcium and phosphate.28 Nanoribbon 

formation at the acidic pH range occurred quicker, with nanoribbons forming within 2 weeks 

(Figure 3C). Nanospheres (19.0 ± 2.7 nm diameter), first observed at 1 day of incubation 

(Figure 3A), progressed to a nanorod population (16.6 ± 1.3 nm width) within 1 week 

(Figure 3B). The resultant nanoribbons at 2 weeks (Figure 3C, 18.1 ± 3.6 nm width) were 

similar in morphology to those previously synthesized at acidic pH.28

A population analysis of the superstructures over time (Figure 4A,B) demonstrates the 

differing evolution of morphologies as a function of pH. Initially, at 1 day, the population 

distributions are the same at either pH, dominated by 98% nanospheres with few rods. 

However, by 1 week, the populations were markedly different, with no change in the 

alkaline assemblies and a nanorod-dominated population for assemblies incubated in the 

acidic range. This quick dissolution of nanospheres at acidic pH has been previously 

observed and has been attributed to the protonation of histidines (pKa 6.0–6.5) within 

rH174.28 At pH below 6, the positive charge of 14 histidines within the protein causes 

repulsion within monomers and limits hydrophobic interactions that may be essential for 

nanosphere formation.39 We attribute the increased stability of nanospheres at alkaline pH to 

the deprotonation of the histidines and stabilization of nanosphere aggregates by 

hydrophobic interactions. In vivo, sphere destabilization may also be impacted by enzymatic 

degradation by MMP20 and KLK-4.

The diameter of the nanospheres at both conditions does not change significantly over the 

course of incubation (Figure 4C). While all spheres are in the same range of diameters (17–

23 nm), there was a statistically significant difference in the diameter of the assemblies as a 

function of assembly pH. This is an indication of difference in tertiary structure of 

nanospheres formed at the acidic and alkaline assembly conditions. Both structures are 

likely formed from smaller oligomers via hydrophobic interactions, as previously reported at 

alkaline conditions,16,39,40 but with differing folding behavior due to sensitivity to pH 

change. However, there was no discernible trend of nanosphere size being larger at one 

particular assembly pH, as nanospheres assembled in the acidic conditions were larger than 

alkaline-assembled nanospheres at 1 week, but slightly smaller at 2 weeks (Figure 4C).

Comparison of Nanosphere Stability (TEM).

When imaged with negatively stained (methylamine tungstate) TEM, nanospheres were 

clearly distinguished from nanoribbons (Figure 5A). In alkaline pH, both superstructures 

remained stable together in solution up to 8 weeks (Figure 5B) with no statistically 
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significant change in either 16.4 ± 3.3 nm nanoribbon or 20.2 ± 2.4 nm nanosphere diameter 

(Figure 6). While sphere formation commonly occurs at pH 8.0, to our knowledge, this was 

the first observation of long-term concurrent stability of nanoribbons and nanospheres. At 

the acidic pH range, occasional nanospheres were also detected by TEM at 3 weeks (Figure 

5B) and 8 weeks (Figure 5D). The width of acidic-assembled nanoribbons increased from 

10.4 ± 1.7 nm at 3 weeks to 17.6 ± 4.8 nm at 8 weeks. The spheres observed in acidic 

conditions were present at such a low density that statistical analysis of sphere dimensions 

could not be performed (Figure 5D). The formation of different morphologies at acidic and 

alkali pH, as well as the concurrent appearance of nanospheres and nanoribbons, opens 

future discussion for a functional role of multiple superstructures throughout enamel 

formation.

The distinct progression from nanosphere to nanorod to nanoribbon was conserved, 

regardless of the pH of the physiological ionic environment. The formation of larger 

structures from nanospheres may occur by two possible mechanisms: (A) spheres may align, 

as in the aligned nanosphere chains observed in TEM of developing enamel1,17 and 

subsequently fuse into larger structures or (B) nanosphere disassembly into lower order 

structures (monomers, dimers, or oligomers) is followed by subsequent amelogenin self-

assembly into larger, more stable structures. In both pH ranges of SEF assembly, 

nanospheres were observed in large groups, reminiscent of bunches of grapes, or later, 

aligned along the nanoribbons. However, at no time point was there evidence of the fusion of 

two or more nanospheres into a larger structure using either AFM or TEM analyses. There 

were also no trends in nanorod length to indicate they were formed by discrete numbers of 

nanospheres following fusion. Therefore, it is more probable that some degree of sphere 

disassembly drives the formation of larger superstructures.

Structural Analysis (XRD).

XRD of rH174 self-assemblies was performed using synchrotron radiation at the Alternative 

Light Source (Figure S3). Nanoribbons in acidic pH had an amyloid-like tertiary structure, 

exhibiting a reflection at 4.67 Å and a broader diffraction signal around 9.65 Å (Figure 7). 

The latter spacing is associated with antiparallel cross-β stacking between β-sheets, 

characteristic of amyloids. This is the first time that this spacing was detected in nanoribbon 

assemblies of amelogenin in vitro and is consistent with our model of nanoribbon formation, 

in which hydrogen bonding drives the formation of β-sheets from dimers followed by β-

sheet stacking due to calcium bridges between glutamate and phosphoserine residues.26 

Other moderately strong reflections were observed at 3.64 and 6.88 Å, which correspond 

well with reflections observed in traditional amyloids.41

Despite having very similar morphologies, self-assemblies conducted at alkaline and acidic 

pH ranges had markedly different XRD profiles (Figures 7, S3, and S4). The alkaline-

assembled nanoribbons had spacings at 5.2 Å, possibly corresponding to β-sheet structures. 

However, only a minor peak was detected at 9.35 E, which cannot corroborate cross β-sheet 

stacking. An unknown broad peak at 6.0 Å was also detected, which may be attributed to 

spacing within nano-spheres or other superstructures. However, in-depth studies on isolated 
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populations would be necessary prior to correlating this peak with any specific structural 

spacings.

CONCLUSIONS

In this study, rH174 self-assembled into nanoribbons when incubated at 37 °C in SEF, with 

the appearance of concurrent nanospheres at alkali pH. These superstructures have only been 

reported together in the literature for short incubations, yet were observed simultaneously in 

SEF for up to 8 weeks. In acidic conditions, nanospheres quickly transition into nanorods at 

1 week and nanoribbons by 2 weeks. In contrast, at alkaline conditions, nanospheres were 

present at a higher density at all time points and transitioned more slowly to larger 

structures, requiring 3 weeks before the formation of nanoribbons. The same calcium-

dependent mechanism is likely responsible for the formation of nanoribbons,26 but the 

progression occurs at different speeds due to the increased stability of nanospheres at the 

alkaline condition. XRD of nanostructures formed at acidic and alkali conditions exhibit 

spacings consistent with β-sheets in similar conformations, 4.7 and 5.2 Å, respectively. This 

is indicative of amyloids and in agreement with previously reported spacing in amelogenin 

nanoribbons.27 Nanoribbons assembled in acidic conditions have higher agreement with the 

XRD profiles of traditional amyloids, revealing antiparallel β-sheet spacing (9.6 Å 

reflection), and further supporting the in silico model of amyloid-like nanoribbon formation 

at acidic pH.26

As this study most closely mimics the conditions for protein self-assembly in vivo to date, it 

highlights the difficulty of mimicking the in vivo environment during amelogenesis. While, 

currently, SEF most closely mimics the physiological environment, it contains a very low 

calcium concentration. This is likely due to bound calcium or precipitated calcium salts that 

were not detected in the analysis of extracted enamel fluid.42 As such, the actual 

concentration of this key ion during amelogenesis remains uncertain. Also, as previously 

discussed, due to a lack of carbonate buffering in atmospheric conditions, pH increased 

during incubation, and only the acidic condition remained in a physiologically relevant 

range. Finally, our use of rH174 also deviates from physiological conditions. rH174 lacks 

phosphorylation, whereas in human amelogenin, serine-16 is phosphorylated, which has 

been postulated to play a large role in assembly.43 Future studies must be designed to 

overcome these hurdles, as well as incorporate other matrix proteins, in order to more 

closely mirror the physiochemical conditions of amelogenesis. Despite these limitations, this 

study highlights the importance of taking physiological conditions into account, as self-

assembly of tertiary and quaternary structures is highly sensitive to environmental 

conditions. The structures formed at both pH ranges reveal the propensity of amelogenin to 

self-assemble into nanoribbons over time, which we postulate may be further enhanced at 

increased calcium concentration or higher protein concentrations associated with 

amelogenesis. The concurrent stability of nanosphere and nanoribbon superstructures calls 

into question if the hierarchical self-assembly of rH174 also results in a hierarchy of 

superstructures in vivo, which may together template hydroxyapatite growth.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
pH increases during incubation of SEF solutions at 37 °C with and without rH174 protein 

(control) over 8 weeks. There is no statistical difference of pH value changes between 

control and protein samples at acidic or alkaline pH ranges (mean ± standard deviation, n = 

3 independent experiments, *p < 0.05 determined by one-way ANOVA with Tukey’s 

posthoc test).
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Figure 2. 
rH174 nanostructures formed in SEF at alkaline pH progress from nanospheres at 1 week 

(A) to nanorods with nanospheres at 2 weeks (B) to nanoribbons over the course of 4 weeks 

(C) at 37 °C. Representative AFM micrographs of n = 3 independent syntheses.
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Figure 3. 
rH174 nanostructures formed in SEF at acidic pH progress from nanospheres at 1 day (A) to 

nanorods with nanospheres at 1 week (B) with nanoribbons observed by 2 weeks (C) at 

37 °C. Representative AFM micrographs of n = 3 independent syntheses.
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Figure 4. 
Distribution of nanostructures following incubation at 37 °C in acidic (A) or alkaline (B) 

assembly conditions. Percent of total population by number calculated from AFM 

micrographs. Change in sphere diameter (C) is not significant over time (*p > 0.05), 

whereas diameter is significantly impacted (*p < 0.001) by assembly pH; n = 30 spheres; 

two-way ANOVA with Tukey’s posthoc test.
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Figure 5. 
TEM of rH174 nanoribbons and nanospheres remained stable together in alkaline solution 

after 3 weeks (A) or 8 weeks (C), whereas few nanospheres were observed in acidic 

conditions at 3 weeks (B) and 8 weeks (D); Scale bar, 200 nm.
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Figure 6. 
Diameter of rH174 nanoribbons and nanospheres were not statistically changed between 3 

and 8 weeks assembly at alkaline pH (mean and ±standard deviation measured via TEM, n = 

3 structures measured for n = 3 images each; *p < 0.05 determined by Student’s t test).

Engelberth et al. Page 17

Biomacromolecules. Author manuscript; available in PMC 2019 October 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
XRD profile of rH174 assembled at acidic pH (blue) and alkali pH (red) have 4.67 and 5.2 

Å, respectively, indicat β-sheet conformation not observed in SEF salt alone control (black). 

A 9.65 Å peak is indicative of antiparallel cross β-sheet amyloid stacking in rH174 

assembled at acidic pH.
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