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Abstract

Self-assembly of amyloid-β (Aβ) peptides in human brain tissue leads to neurodegeneration in 

Alzheimer's disease (AD). Amyloid fibrils, whose structures have been extensively characterized 

by solid state nuclear magnetic resonance (ssNMR) and other methods, are the thermodynamic 

end point of Aβ self-assembly. Oligomeric and protofibrillar assemblies, whose structures are less 

well understood, are also observed as intermediates in the assembly process in vitro and have been 

implicated as important neurotoxic species in AD. We report experiments in which the structural 

evolution of 40-residue Aβ (Aβ40) is monitored by ssNMR measurements on frozen solutions 

prepared at four successive stages of the self-assembly process. Measurements on transient 

intermediates are enabled by ssNMR signal enhancements from dynamic nuclear polarization 

(DNP) at temperatures below 30 K. DNP-enhanced ssNMR data reveal a monotonic increase in 

conformational order from an initial state comprised primarily of monomers and small oligomers 

in solution at high pH, to larger oligomers near neutral pH, to metastable protofibrils, and finally 

to fibrils. Surprisingly, the predominant molecular conformation, indicated by 13C NMR chemical 

shifts and by sidechain contacts between F19 and L34 residues, is qualitatively similar at all 

stages. However, the in-register parallel β-sheet supramolecular structure, indicated by 

intermolecular 13C spin polarization transfers, does not develop before the fibril stage. This work 

represents the first application of DNP-enhanced ssNMR to the characterization of peptide or 

protein self-assembly intermediates.

Graphical abstract

*corresponding author: Dr. Robert Tycko, National Institutes of Health, Building 5, Room 112, Bethesda, MD 20892-0520. 
robertty@mail.nih.gov. phone: 301-402-8272. 

Supporting Information. Figs. S1-S8 and Table S1. This material is available free of charge via the Internet at http://pubs.acs.org.

HHS Public Access
Author manuscript
J Am Chem Soc. Author manuscript; available in PMC 2017 August 16.

Published in final edited form as:
J Am Chem Soc. 2015 July 01; 137(25): 8294–8307. doi:10.1021/jacs.5b04843.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://pubs.acs.org


Introduction

The detailed molecular basis for Alzheimer's disease (AD) is still largely unknown. The 

amyloid cascade hypothesis relates disease onset and progression to a dysregulation of 

amyloid-β (Aβ) peptide production and clearance that leads to Aβ self-assembly in brain 

tissue1. Amyloid fibrils, consisting primarily of 40- and 42-residue Aβ peptides (Aβ40 and 

Aβ42), are the thermodynamic endpoint of the Aβ self-assembly process and comprise the 

major component of self-assembled Aβ in the brain tissue of AD patients. However, the total 

quantity of fibrillar Aβ in brain tissue does not correlate strongly with the progression of 

neurodegeneration, as indicated by studies of human brain extracts2 and transgenic mice3. 

Polymorphism of Aβ fibrils4 may be one factor that weakens this correlation, as several 

types of experiments indicate that different polymorphs can have different neurodegenerative 

effects5. Alternatively, nonfibrillar Aβ assemblies may be important neurotoxic species, as 

suggested by a variety of observations in humans and mouse models2,6. Nonfibrillar 

assemblies include oligomers of various sizes and shapes7, as well as protofibrils, which are 

metastable, fibril-like assemblies with greater curvature and shorter typical lengths8. 

Oligomers produced by aggregation of synthetic Aβ peptides in vitro show higher toxicity in 

cell cultures than an equivalent mass of fibrils7d,9. Given the diversity of neurotoxicity 

mechanisms that have been proposed for Aβ assemblies in AD, including membrane 

disruption10, interactions with specific cell-surface receptors11, oxidative damage associated 

with binding of metal ions12, stimulation of destructive inflammation13, and disruption of 

vasculature14, it is conceivable that both fibrillar and nonfibrillar species contribute 

significantly to neurodegeneration, possibly through different mechanisms. Thus, 

characterization of Aβ structures at all stages of self-assembly is an important goal.

Detailed structural models for Aβ fibrils have been developed from a variety of experimental 

measurements, especially solid state nuclear magnetic resonance (ssNMR) 5a,15. In these 

models, molecules with approximately U-shaped conformations stack in an in-register 

parallel manner, forming parallel cross-β structures4,16. Structurally distinct, self-

propagating fibril polymorphs5b differ in the detailed conformations at certain sites, the 

number of cross-β units within the minimal fibril structure, the contacts between cross-β 
units, and other features. For example, salt bridge interactions between oppositely charged 
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D23 and K28 sidechains have been observed by ssNMR in some Aβ40 fibril 

polymorphs5a,15a, but not in other polymorphs15b.

A detailed molecular structural model for protofibrils formed by the Asp23-to-Asn “Iowa 

mutant” (D23N-Aβ40) has been developed from ssNMR data17, showing that U-shaped 

D23N-Aβ40 molecules stack in an antiparallel manner to form a double-layered, antiparallel 

cross-β structure in the protofibrils. In contrast, D23N-Aβ40 fibrils contain double-layered, 

parallel cross-β structural motifs15f.

Various other oligomeric and protofibril Aβ assemblies, prepared under a variety of 

conditions, have been partially characterized by ssNMR. These include approximately 

spherical Aβ40 and Aβ42 assemblies that form in aqueous buffers7c,7d,18, Aβ42 oligomers 

prepared by dialysis of a detergent solution7b, Aβ40 protofibrils stabilized by interaction 

with the B10AP antibody19, small disc-like Aβ42 oligomers20, and Aβ40 oligomers formed 

in the presence of epigallocatechin-3-gallate (EGCG) 21. In addition, oligomers formed by a 

GroES-ubiquitin-Aβ42 fusion protein have been studied by electron paramagnetic resonance 

with spin labeling22. A structural model for protofibrils formed by an internally crosslinked, 

double cysteine mutant of Aβ42 has also been developed from ssNMR data23. The 

consensus of these studies is that Aβ conformations in oligomers and protofibrils are similar 

to Aβ conformations in fibrils, although the supramolecular organization may be rather 

different.

To date, most ssNMR studies of Aβ self-assembly intermediates have been performed on 

samples that were concentrated by lyophilization after oligomer 

formation7b-7d,17c,18a,19-20,23. Lyophilization has been required because Aβ concentrations 

in oligomer preparations in vitro are typically on the order of 1 mM or less. With typical 

ssNMR sample volumes in the 10-100 μl range, the quantity of Aβ in the oligomer solution 

is then on the order of 100 nmole or less. Although ssNMR measurements can be performed 

successfully on frozen solutions of peptides and proteins24, higher concentrations and/or 

larger sample volumes are needed for adequate signal-to-noise, even with measurement 

times of several days or more. Lyophilization allows greater quantities of Aβ assemblies to 

be packed into smaller volumes, greatly accelerating data acquisition.

It is well established that lyophilization does not perturb the molecular structures of amyloid 

fibrils significantly, as NMR chemical shifts of lyophilized and lyophilized/rehydrated fibril 

samples are the same as those of non-lyophilized, “as grown” samples25. For certain Aβ 
oligomers and protofibrils, evidence has been presented that lyophilization also does not 

perturb molecular structures significantly7c,7d,17c,18a. However, in the case of smaller Aβ 
assemblies and assemblies that are not metastable, lyophilization may produce significant 

changes in molecular conformations, intermolecular interactions, and assembly sizes.

In the experiments described below, we use dynamic nuclear polarization (DNP) to enhance 

the sensitivity of ssNMR measurements on frozen solutions of Aβ assemblies, thereby 

avoiding the need for lyophilization and permitting measurements on transient species. DNP 

is an effect in which microwave irradiation of electron spin transitions leads to large 

enhancements of nuclear spin polarizations of nuclei, and hence large enhancements of 
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ssNMR signals26. In recent ssNMR studies, DNP has been applied to membrane proteins27, 

amyloid fibrils28, and viral DNA29. To our knowledge, the experiments described below 

represent the first application of DNP in ssNMR studies of transient or metastable species 

with biological or biophysical relevance.

We describe experiments on four successive stages of Aβ40 self-assembly: (1) A freshly-

prepared Aβ40 solution at pH 12, where the peptide is primarily monomeric; (2) the same 

solution shortly after adjustment to pH 7.5, where the peptide exists as a mixture of 

monomers and oligomers of various sizes and morphologies; (3) the same solution after 

incubation at pH 7.5 for at least 4 h, at which time metastable Aβ40 protofibrils are the 

predominant species; (4) Aβ40 fibrils that develop from protofibrils during repetitive 

sonication/incubation cycles. Our ssNMR data indicate a progressive reduction in 

conformational disorder as self-assembly proceeds through these four stages. The 

predominant molecular conformation, indicated by 13C chemical shifts, is qualitatively 

similar at all stages. Long-range tertiary contacts between sidechains of F19 and L34, which 

are known to be a characteristic feature of many Aβ405a,15a,15b and Aβ4220 fibril 

polymorphs, are also detectable at all stages. Surprisingly, these contacts are most 

pronounced at the protofibril stage. We find that parallel intermolecular alignment in Aβ40 

assemblies does not develop until the fibril stage.

Methods

Peptide synthesis

Aβ40 was synthesized on a 0.15 mmol scale by fluorenylmethoxycarbonyl (FMOC) 

chemistry on a Tribute TPS-110 automated peptide synthesizer (Protein Technologies), with 

activation by O-(6-chlorobenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium 

hexafluorophosphate (HCTU) and N,N-diisopropylethylamine (DIPEA) and FMOC-Wang 

resins (0.27 mEq/g substitution). Isotopic labeling patterns of Aβ40 samples for ssNMR 

measurements are summarized in Table 1. Valine residues were deuterated to reduce the 

intrinsic 1H spin-lattice relaxation rates within Aβ40 assemblies and thereby increase DNP 

signal enhancements. To improve yields, pseudoproline dipeptides were used at D7-S8 and 

G25-S26. Isotopically labeled residues were double-coupled (2 h coupling with labeled 

amino acid in four-fold excess, followed by 1 h coupling with unlabeled amino acid in ten-

fold excess). The crude product was purified by reverse-phase high performance liquid 

chromatography, using a water/acetonitrile gradient with 1% acetic acid and a C3 

preparative column at room temperature. Purity is estimated to be greater than 95% by mass 

spectrometry. For samples II-IV, the synthesis was performed up to the 13C-labeled residue 

(i.e., A21, A30, or G33), then half of the resin was removed from the reaction vessel, the 

carbonyl-labeled amino acid was coupled in the reaction vessel for 2 h, the uncoupled resin 

was returned to the reaction vessel, the aliphatic-labeled amino acid was coupled for 2 h, and 

unlabeled amino acid was coupled for 1 h. The ratio of carbonyl-labeled to aliphatic-labeled 

peptides in the final product was determined from one-dimensional NMR spectra in 

dimethyl sulfoxide (DMSO) solution.
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Aβ40 self-assembly protocols

To produce the four types of Aβ40 assemblies examined in this work, purified, lyophilized 

peptide was first disaggregated by dissolution in hexafluoroisopropanol (HFIP) to a 

concentration of 2 mg/ml, incubation at room temperature for 0.5-1.0 h, and lyophilization 

again. HFIP-treated peptide was then dissolved at 2.5 mM concentration in 20 mM NaOH, 

pH ≈ 12. Negatively-stained transmission electron microscope (TEM) images of this high 

pH sample, on grids that were prepared within 2 min of peptide dissolution, showed a nearly 

clear TEM grid surface, with a low coverage of amorphous aggregates that may develop 

during drying of the grid (Fig. 1A). The pH was then lowered by addition of 250 mM 

phosphate (pH 7.4) in a 1:4 ratio, bringing the final buffer concentration to 50 mM. A small 

quantity of concentrated HCl was added to adjust the final pH to 7.5. TEM images of this 

neutral pH sample, on grids that were prepared within 2 min of pH adjustment, showed a 

high density of irregularly shaped assemblies (Fig. 1B). After quiescent incubation at 24° C 

for 4-5 hours, a high density of relatively short and curved “protofibrils” was observed by 

TEM (Fig. 1C). These structures were stable for at least several weeks in quiescent solutions 

at pH 7.5. After sonication of the protofibril solution (Branson S-250A sonifier, 10% duty 

cycle, lowest power setting, 50 pulses) and incubation at 24° C for 12 h, TEM images 

showed a mixture of protofibrils and thicker, longer, and less curved fibrils. After 3-4 

repetitions of the sonication/incubation procedure, conversion to mature fibrils was complete 

(Fig. 1D).

Thioflavin T (ThT) fluorescence measurements on Aβ40 solutions (Fig. S1) showed a lag 

period of 1.0 h after adjustment to pH 7.5, followed by an increase in fluorescence that 

corresponds to the development of the protofibrillar assemblies seen by TEM. The 

fluorescence level reached a plateau after approximately 10 h, at which time the 

fluorescence level was about 40% of the level observed after conversion of protofibrils to 

mature fibrils by sonication/incubation. Thus, it appears that nonfibrillar Aβ40 assemblies in 

our experiments are not ThT-active, while protofibrils exhibit lower ThT fluorescence than 

fibrils.

In addition, Aβ40 fibrils were prepared by seeded growth from pre-formed fibrils with the 

three-fold-symmetric structure reported by Paravastu et al.15b Seeds were prepared by 

sonication of a solution of pre-formed fibrils. A 6 mM solution of Aβ40 in DMSO was 

diluted into 10 mM sodium phosphate buffer, pH 7.4, to create a 100 μM Aβ40 solution. 

Seeds were added in a 1:19 molar ratio (by Aβ40 monomers), and the mixture was gently 

vortexed. After 1 h incubation, a 10% aliquot of the mixture was withdrawn, sonicated, and 

returned to the mixture. After overnight incubation, abundant fibrils were visible by TEM.

Biophysical characterization of Aβ40 assemblies

TEM images were obtained with an FEI Morgagni microscope, operating at 80 kV. Grids 

were glow-discharged carbon films, supported by lacey carbon on 300 mesh copper. 

Samples were diluted ten-fold in their own solvents (20 mM NaOH or 10 mM phosphate) 

before application of a 5 μl drop to the grid surface. After 1 min adsorption, grids were 

blotted with filter paper, rinsed twice with water, stained for 30 s with 5 μl of 3% uranyl 

acetate, blotted, and dried in air.
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Experiments with the photoinduced cross-linking of unmodified proteins (PICUP) 

technique30 were performed by adding 10 μl of 1 mM tris(2,2′-bipyridyl)dichlororuthenium 

(Ru(II)) and 10 μl of 20 mM ammonium persulfate (APS) to 2.0 μl samples of Aβ40 

assemblies. A 2.0 mM solution of the 35-residue villin headpiece subdomain protein (HP35) 

in 50 mM phosphate buffer, pH 7.4, was used as a non-aggregating control31. The mixtures 

were then irradiated at 24° C for periods ranging from 0.5 s to 5 min, using the output of a 

150 watt incandescent fiber optic lamp (Dolan-Jenner model 180) and an electronically 

timed shutter (Melles-Griot model IES 3). Cross-linking reactions were then quenched 

immediately by adding 10 μl of 1 M dithiothreitol. Cross-linked products were analyzed by 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). For SDS-PAGE, 4 

μl of 20 μM cross-linked Aβ40 or HP35 was dissolved in NuPAGE LDS buffer (Life 

Technologies) and loaded onto a 10% NuPAGE Bis-Tris gel (Life Technologies). Gels were 

run in MES buffer for 40-45 min with 80-100 mA current. Silver staining was performed 

with a SilverXpress kit (Life Technologies). Gel images were analyzed with ImageJ 

software32.

Dynamic light scattering (DLS) measurements at 658 nm wavelength were carried out with a 

DynaPro NanoStar (Wyatt Technology) instrument on undiluted samples (50 μl in 

Eppendorf UVettes) equilibrated at 25° C. Light scattering autocorrelation functions were 

recorded for 60 s and averaged over 10 repetitions.

Sedimentation velocity experiments were conducted at 20.0° C on a Beckman Coulter 

ProteomeLab XL-I analytical ultracentrifuge. High pH samples were studied at rotor speeds 

of 50,000 and 60,000 rpm. Neutral pH and protofibril samples were studied at 20,000, 

40,000, 45,000 and 50,000 rpm. Samples were loaded into two-channel centerpiece cells, 

allowed to equilibrate at 20.0° C for 2 h and then analyzed at the indicated speeds. 

Concentrated samples of Aβ40 were loaded into 3 mm path-length cells (100 μl), whereas 

diluted samples were loaded into 12 mm path-length cells (400 μl). Data were collected 

using both absorbance (280 nm) and Rayleigh interference optical detection systems and 

analyzed in SEDFIT 14.4f 33 in terms of a continuous c(s) distribution of Lamm equation 

solutions with a resolution of 0.05 – 0.10 S, depending on the extent of aggregation. 

Regularization was carried out using the method of maximum entropy with a confidence 

level of 0.68. The partial specific volume of Aβ40 was calculated in SEDNTERP (http://

sednterp.unh.edu/) based on the amino acid composition. The buffer density and viscosity 

were also calculated based on their composition and sedimentation coefficients were 

corrected to standard conditions of 20° C in water (s20,w).

Thioflavin T (ThT) fluorescence measurements were performed at room temperature with a 

StellarNet BLACK-Comet-TEC fiber optic spectrofluorometer. For each time point, an 

aliquot of the Aβ40 sample was diluted by a factor of 100 with 10 mM sodium phosphate 

buffer (pH 7.4) containing 100 μM ThT. Fluorescence intensity at 490 nm was measured 

immediately after dilution, with excitation at 423 nm.

Circular dichroism (CD) spectra were recorded with a JASCO J-715 spectropolarimeter, 

using 0.01 mm path length quartz cuvettes. Acquisition of CD spectra began immediately 

after sample preparation. Three spectra of each sample were recorded in succession, with 
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approximately 11 min acquisition time per spectrum, to confirm that the spectra did not 

change on the time scale of the CD measurements.

Size exclusion chromatography (SEC) experiments were performed with a BioRAD NGC 

chromatography system. Aβ40 samples (50 μl injected volume) were separated at 0.5 

ml/min on a Superose 6 10/300 GL column (GE Healthcare), with a total column volume of 

Vc= 24 ml. Prior to separation, the column was equilibrated with either 10 mM sodium 

phosphate buffer (pH 7.4) or 20 mM NaOH (with or without 150 mM NaCl). To check 

reproducibility, several runs were carried out for each condition, each followed by flushing 

with 3-4 Vc to remove any residual Aβ40 from the column. Molecular weight calibration 

runs were performed with a HMW Calibration Kit (GE Healthcare).

DNP and ssNMR measurements

DNP-enhanced ssNMR experiments were carried out at 9.4 T (400.9 MHz 1H NMR 

frequency, 264.0 GHz microwave frequency) using the low-temperature ssNMR and DNP 

instrumentation described previously26d,34. In brief, the home-built magic-angle spinning 

(MAS) ssNMR probe used elongated MAS rotors with 4 mm outer diameter and 80 μl 

sample volume. Nitrogen gas was used for MAS drive and bearings, while the sample 

volume near the center of the rotor was cooled with helium from a liquid helium transfer line 

connected to the MAS module of the ssNMR probe. Experiments were performed at sample 

temperatures of 25 ± 2 K and at 6.7 kHz MAS frequency. Sample temperatures were 

determined from 79Br spin-lattice relaxation rates of KBr powder, contained in capillary 

tubes within the MAS rotors35. 1H radio-frequency (rf) fields for decoupling were 80-85 

kHz. 1H-13C cross-polarization used 1H rf fields of 54 kHz and 13C rf fields of 47 

kHz. 1H-15N cross-polarization used 1H rf fields of 50 kHz and 15N rf fields of 43 

kHz. 15N-13C cross-polarization used 15N rf fields of 24 kHz and 13C rf fields of 31 kHz. An 

extended interaction oscillator (Communications and Power Industries) was used as the 

microwave source, with continuous wave output power of approximately 1.4 W. Microwaves 

were circularly polarized with a quasi-optical interferometer (Thomas Keating, Ltd.) and 

transmitted to the sample through a corrugated waveguide within the ssNMR probe.

NMR data were collected with a Bruker Avance III spectrometer console and processed with 

nmrPipe36, Bruker Topspin, and Sparky (available from https://www.cgl.ucsf.edu/home/

sparky) software. Two-dimensional (2D) 13C-13C ssNMR spectra were acquired with 

either 13C-13C spin diffusion or rf-assisted diffusion/dipolar-assisted rotational resonance37 

(RAD/DARR) during the mixing period between t1 and t2 periods. 2D 15N-13C ssNMR 

spectra were acquired with 5 ms 15N-13C band-selective cross-polarization periods and (for 

protofibril and fibril samples) 23.8 ms 13C-13C spin diffusion periods between t1 and t2 

Recycle delays were approximately 5 s for high pH and neutral pH samples and 10 s for 

protofibril and fibril samples, corresponding to approximately 1.3 times the characteristic 

build-up times for 1H spin polarizations under DNP. Total measurement times were 1.5-5 h 

for 2D 13C-13C spectra and 4.5-10 h for 2D 15N-13C spectra. In 2D measurements on high 

pH and neutral pH samples, the number of scans per t1 point decreased with increasing t138. 

Measurements of intermolecular 13C polarization transfers were performed as described 

below, with total measurement times of 2-4 h for each sample.
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For DNP-enhanced ssNMR measurements, Aβ40 samples in the four stages of self-

assembly described above were prepared in 80% D2O/20% H2O solutions, as solvent 

deuteration is known to increase DNP signal enhancements and reduce DNP build-up 

times39. For high pH and neutral pH samples, 13C-depleted, perdeuterated glycerol was then 

added to achieve 60% (by mass) glycerol concentration, along with an aliquot of the 

triradical dopant DOTOPA-3OH-Methoxy34 in perdeuterated DMSO to achieve a 6.6 mM 

dopant concentration. Immediately after mixing, samples were loaded into MAS rotors and 

frozen by immersion in liquid nitrogen. Protofibril and fibril samples were pelleted by 

centrifugation at 430,000 X g for 2.0 h (Beckman TLA 100.2 rotor). Supernatants were 

removed and glycerol and triradical dopant were added. After a second centrifugation for 2 

h, pellets were loaded into MAS rotors and frozen. Final dopant concentrations in protofibril 

and fibril samples were approximately 1 mM. Final high pH and neutral pH samples for 

ssNMR contained 0.3 mg of Aβ40. Final protofibril and fibril samples contained roughly 5 

mg of Aβ40.

Results

Biophysical characterization of Aβ40 assemblies

Fig. 1 shows negatively-stained TEM images of Aβ40 at the four stages of self-assembly 

described above. From TEM images alone, one can not determine the abundance of 

aggregated Aβ40 species relative to Aβ40 monomers, especially in the early and 

intermediate stages of assembly. Four independent techniques were therefore used to 

characterize the distributions of Aβ40 species. First, PICUP experiments were performed, as 

previously introduced by Teplow and coworkers for studies of Aβ self-assembly30a,30b. The 

light exposure time and concentrations of cross-linking reagents were optimized to produce 

cross-linked oligomer bands in SDS-PAGE that differentiated among various stages of self-

assembly (Fig. S2). Results in Figs. 2A and 2B with 0.5 s exposure indicate negligible 

oligomer formation in the high pH sample, as the intensities of SDS-PAGE bands for cross-

linked Aβ40 trimers and tetramers in the high pH sample are no greater than the 

corresponding bands for the highly soluble protein HP35 that was used as a non-aggregating 

control. In contrast, neutral pH and protofibril samples show larger trimer and tetramer 

bands. The dimer bands for HP35 and high pH Aβ40 are attributable to cross-linking of 

monomers that collide in solution within the lifetime of free radical species generated by the 

PICUP technique.

Second, DLS data in Fig. 2C indicate a near absence of large Aβ40 assemblies in the high 

pH sample, and a higher concentration of large assemblies in the protofibril sample than in 

the neutral pH sample. DLS measurements were performed within 2 min of initial 

preparation of the high pH sample, and within 2 min of pH adjustment for the neutral pH 

sample. In these measurements, large assemblies are defined to be those for which the DLS 

autocorrelation time is greater than 100 μs, corresponding roughly to particles with 

hydrodynamic radii greater than 10 nm. (Note that DLS measurements also indicated a 

monomeric state for HP35 at the 2 mM concentration used in the PICUP experiments.)

Third, sedimentation velocity measurements were performed on high pH, neutral pH, and 

protofibril samples. Results are summarized in Fig. 2D. For each sample, absorption and 
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interference data sets were analyzed in terms of a continuous distribution c(s) of sedimenting 

species33. Data for the high pH sample at 2.5 mM Aβ40 concentration (Fig. S3A) indicate a 

single species with sedimentation coefficient s20,w= 0.37 S and estimated molar mass of 2.3 

kDa. Due to the high peptide concentration, repulsive non-ideality reduces the sedimentation 

coefficient and the apparent molar mass relative to the expected values for Aβ40 monomers. 

Data for the neutral pH sample at 2.0 mM Aβ40 concentration (Fig. S3B) indicate a 

distribution of aggregates, accounting for approximately 75% of the loading signal, with 

sedimentation coefficients broadly distributed around 11 S and estimated molar masses 

around 0.4 MDa. The remaining material is comprised of slowly sedimenting species near 

0.6 S with an apparent molar mass of 4.7 kDa, close to the expected value of 4.3 kDa for 

monomeric Aβ40. Data for the protofibril sample at 2.0 mM Aβ40 concentration (Fig. S3C) 

indicate that approximately 95% of the material consists of rapidly sedimenting species, 

with a broad distribution of sedimentation coefficients around 18 S and apparent molar 

masses of roughly 10 MDa. For comparison, a single protofibril with a molecular structure 

similar to that described by Qiang et al.17c for D23N-Aβ40 and with a length of 200 nm 

would have a molar mass of 1.8 MDa, suggesting that the major species observed in 

sedimentation velocity experiments are bundles of protofibrils.

For neutral pH and protofibril samples, sedimentation velocity experiments were also 

performed on diluted samples (see Fig. S2D and S2E). The resulting data indicate 

dissolution of the large assemblies during these experiments, producing larger fractions of 

monomeric Aβ40 after dilution. From these data, it appears that the quasi-equilibrium 

solubilities of Aβ40 assemblies in the neutral pH and protofibril samples are greater than 10 

μM, consistent with low thermodynamic stability relative to mature fibrils, for which the 

quasi-equilibrium solubilities are typically less than 1 μM40.

Based on the TEM, PICUP, DLS, and sedimentation velocity measurements, we conclude 

that our high pH Aβ40 samples are primarily (>90%) monomeric and that our neutral pH 

samples are primarily (roughly 75%) oligomeric, with oligomerization numbers ranging 

from about 10 to more than 100. Our protofibril samples are primarily (>90%) protofibrillar 

assemblies.

High pH, neutral pH, and protofibril samples were also analyzed by SEC (Fig. S4), but 

results from SEC are deemed unreliable due to interactions of Aβ40 with the SEC column 

material and dissolution of Aβ40 assemblies during chromatographic elution. For the high 

pH sample, a single chromatographic peak was observed when the SEC column was 

equilibrated with 20 mM NaOH, but at an apparent molecular weight of approximately 150 

kDa. This observation is attributable to interaction of negatively charged Aβ40 molecules 

with the negatively charged agarose matrix of the column, which causes the protein to elute 

at an earlier volume41. Addition of 150 mM NaCl to the running buffer shifted the peak to a 

later value, corresponding to an apparent molecular weight of approximately 20 kDa. The 

discrepancy from the monomer value of 4.3 kDa may be attributable in part to the non-

globular structure of monomeric Aβ4042. SEC data for the neutral pH sample also showed 

primarily a single peak, at an elution volume similar to that observed for the high pH 

sample. It should be noted that the width of this peak corresponds to a volume of roughly 1 

ml, whereas the injected sample volume was 50 μl. Dilution of the neutral pH sample during 
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the SEC measurement may then reduce the apparent concentration of larger assemblies. SEC 

data for protofibrils show a broad distribution of assembly sizes, including a large fraction of 

material with apparent molecular weight greater than 1 MDa.

Conformational evolution of Aβ40 probed by DNP-enhanced ssNMR

Structures of Aβ40 assemblies at the four stages described above were examined by ssNMR 

measurements on frozen solutions. As in previous DNP-enhanced ssNMR studies of 

biopolymers27-29, glycerol and paramagnetic dopants were added to produce glassy 

solutions amenable to DNP by the cross-effect mechanism26c,26e. In experiments on high pH 

and neutral pH samples, glycerol and dopants were added immediately before loading the 

solutions into MAS rotors and immersing the rotors in liquid nitrogen. In experiments on 

protofibrils and fibrils, samples were pelleted by ultracentrifugation after addition of 

glycerol and paramagnetic dopants before these samples were frozen. CD measurements, 

shown in Fig. 3, suggest that addition of glycerol may stabilize β-strand-like conformations 

of Aβ40 in high pH and neutral pH samples. The metastability of protofibrils8a,17c and 

stability of fibrils implies that structural changes during ultracentrifugation were negligible. 

Samples were subsequently kept below 100 K at all times.

Fig. 4 compares one-dimensional, cross-polarized 13C NMR spectra of high pH, neutral pH, 

protofibril, and fibril samples in the frozen glycerol/water solutions with and without 

microwave irradiation, at sample temperatures near 25 K and with 6.7 kHz MAS. DNP 

signal enhancement factors in these spectra are in the 18-80 range. Without these DNP 

enhancements, the ssNMR measurements described below would have been prohibitively 

time-consuming.

DNP enhancement factors for protofibril and fibril samples are lower than those for high pH 

and neutral pH samples. We attribute this observation in part to binding of triradical dopants 

to the protofibrils and fibrils, producing high local concentrations of dopants that render 

DNP less effective. As discussed above, nominal dopant concentrations in protofibril and 

fibril samples were deliberately lower than in high pH and neutral pH samples. Higher 

dopant concentrations were found to produce lower enhancement factors for protofibrils and 

fibrils. Enhancement factors for protofibrils and fibrils are also reduced by the higher density 

of Aβ40 assemblies in these samples, which reduces the local 1H spin-lattice relaxation 

times.

Fig. 5 shows 2D 13C-13C NMR spectra of Aβ40 samples with isotopic labeling pattern I (see 

Table 1), obtained with 23.8 ms spin diffusion mixing periods. 13C NMR lines for 

uniformly 15N,13C-labeled residues F19 and L34 are quite broad in high pH and neutral pH 

samples (4.4-7.4 ppm full width at half maximum, FWHM), are somewhat sharper in 

protofibrils (3.0-5.2 ppm FWHM), and are sharpest in fibrils (2.4-3.2 ppm FWHM). This 

progression (see Fig. 6) indicates an increasing degree of conformational order. 

Although 13C ssNMR linewidths in the 2.4-3.2 ppm range are still large compared with 

linewidths in ssNMR spectra of well-structured, hydrated proteins near room 

temperature, 13C ssNMR linewidths of well-structured peptides and proteins in frozen 

glycerol/water solutions are commonly 2 ppm or greater24,26d. 13C ssNMR linewidths in 

Fig. 5 are not determined by transverse spin relaxation rates (see Table S1).
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Average 13Cα and 13Cβ chemical shifts (i.e., chemical shifts at crosspeak maxima) for L34 

are similar in protofibrils and fibrils (vertical blue dashed lines in Fig. 5). For F19, 13Cα 
chemical shifts of protofibrils and fibrils are significantly different (green dashed line), 

but 13Cβ chemical shifts are similar (red dashed line). 13C chemical shifts for F19, L34, and 

G38 are summarized in Fig. 6. 13Cαand 13CO secondary shifts (i.e., differences from 

random coil values43) are negative and 13Cβ secondary shifts are positive for both F19 and 

L34 in fibrils and protofibrils, indicating β-strand-like conformations at these 

residues44. 13CO secondary shifts for G38 are negative, also indicating a β-strand-like 

conformation. Average 13Cα secondary shifts for G38 in fibrils and protofibrils are similar 

but can not be interpreted in terms of conformational preference, as 13Cα secondary shifts 

for glycine residues in proteins do not correlate strongly with secondary structure.

Average 13C secondary shifts in neutral pH and high pH samples exhibit the same patterns 

(except for 13CO of F19), indicating a predominance of extended, β-strand-like 

conformations despite the greater conformational disorder in these samples. For 

comparison, 13C secondary shifts in a 2D 13C-13C NMR spectrum of a lyophilized Aβ40 

powder after HFIP treatment, recorded at room temperature, are quite different and are 

consistent with predominant α-helical conformations at F19 and L34 (Fig. S5).

DNP-enhanced 2D 15N-13C NMR spectra of high pH, neutral pH, protofibril, and fibril 

samples were also acquired (Fig. S6). The reduced disorder in Aβ40 fibrils relative to the 

other samples is also apparent in these spectra.

Additional information about the Aβ40 conformation comes from the 2D 13C-13C NMR 

spectra in Fig. 7, which were obtained with 2.1 s RAD mixing periods. The spectrum of 

fibrils (Fig. 7D) shows a strong crosspeak between L34 methyl signals (near 25 ppm) and 

F19 aromatic signals (near 130 ppm), indicating proximity of L34 and F19 sidechains. This 

crosspeak is expected in the fibril spectrum, since previously reported structural models for 

Aβ40 fibrils include F19-L34 contacts within double-layered, parallel cross-β motifs, as 

depicted in Fig. 8A. Surprisingly, F19-L34 crosspeaks are also observed in 2D RAD spectra 

of high pH and neutral pH samples (Figs. 7A and 7B), suggesting that F19-L34 contacts are 

present even before structurally ordered assemblies develop. The F19-L34 crosspeak in the 

2D RAD spectrum of protofibrils (Fig. 7C) is even more intense than in the spectrum of 

fibrils, suggesting a shorter distance between F19 and L34 sidechains in the protofibrils and 

providing an initial indication that the protofibril structure may be significantly different 

from the fibril structure (see below). F19-L34 crosspeak volumes, normalized to intra-

residue L34 crosspeaks in the same spectra, are quantified in Fig. 8B.

Liquid state NMR studies of full-length Aβ peptides in aqueous solution near neutral pH and 

at 4-10° C have shown that these peptides are largely unstructured in the unassembled 

state, 42 with partial population of β-strand conformations in certain segments, including 

segments that contain F19 and L34.42b In our experiments, the primarily monomeric state is 

prepared at pH 12 and higher Aβ40 concentrations, and glycerol is added prior to freezing. 

The freezing process occurs within several seconds, allowing conformational changes until 

the solvent approaches its glass transition temperature. These differences in sample 
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preparation may produce differences in conformational distributions observed by liquid state 

NMR and ssNMR.

Supramolecular structure in Aβ40 protofibrils and fibrils

Aβ40 fibrils have been shown to contain cross-β structures comprised of in-register parallel 

β-sheets, meaning that identical residues of neighboring molecules align with one another 

within the β-sheets (through intermolecular hydrogen bonds between backbone amide and 

carbonyl groups of residue k in one β-strand and carbonyl and amide groups of residues k-1 

and k+1 in a neighboring β-strand). Less is known about supramolecular structures in 

protofibrils. A double-layered antiparallel β-sheet structure has been identified in protofibrils 

formed by D23N-Aβ40 under the specific conditions described by Qiang et al.17c In these 

D23N-Aβ40 protofibrils, residues 17-21 form an antiparallel β-sheet with inter-strand 

hydrogen bonds between residue 19+k and residue 19-k, while residues 30-36 form an 

antiparallel β-sheet with inter-strand hydrogen bonds between residue 33+k and 33-k. It is 

not known whether the same antiparallel supramolecular structure exists in wild-type Aβ40. 

As one alternative, it has been suggested that Aβ protofibrils may contain β-sheet structures 

comprised of β-hairpins, in which the β-sheets would involve both intermolecular and 

intramolecular hydrogen bonds among two separate β-strand segments in the Aβ 
sequence23,45. It should be emphasized that no intramolecular hydrogen bonds are present in 

existing ssNMR-based models for wild-type or mutant Aβ fibrils or D23N-Aβ40 

protofibrils5a,15a-15c,15e,15f,17c,46, and that these models do not contain true β-hairpins.

The rf pulse sequence in Fig. 9A was used to measure intermolecular 13C spin polarization 

transfers between labeled carbonyl and aliphatic sites, which depend on 

intermolecular 13C-13C distances and hence on supramolecular structure. In this pulse 

sequence, longitudinal 13C polarization was first created by 1H-13C cross-polarization, a 13C 

“flip-back” pulse, and a period τz for dephasing of transverse polarization. A weak 

Gaussian-shaped π pulse at the carbonyl 13C NMR frequency was then either present or 

absent on successive free-induction decay (FID) acquisitions, effectively allowing 

carbonyl 13C polarization to be prepared selectively by taking the difference between 

successive FIDs. Carbonyl polarization was then allowed to transfer to other 13C sites during 

the polarization transfer period τpt. Values of τpt ranged from 0.6 ms to 4.0 s.

Alternative ssNMR methods for characterizing supramolecular structure in Aβ assemblies, 

such as the dipolar recoupling techniques used in previous studies of selectively labeled 

amyloid fibrils5a,15b,16a,25a,47, were also considered but were ruled out by the relatively 

short transverse spin relaxation times in paramagnetically doped frozen solutions (Table S1) 

and the relatively low MAS frequencies that are achievable at low temperatures. It should 

also be noted that methyl group rotation is fully quenched near 25 K, so that (unlike the 

typical situation at temperatures above 100-150 K) methyl 13C labels have even 

stronger 1H-13C dipole-dipole couplings than methylene 13C labels.

As a test of the pulse sequence in Fig. 9A under low-temperature DNP conditions, 

measurements were performed on a sample of fibrils formed by a peptide comprised of 

residues 11-25 of Aβ (Aβ11-25), synthesized with 13C labels at the carbonyl site of F20 and 

the Cβ site of A21. Aβ11-25 fibrils have been the subject of previous structural studies by 
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ssNMR, which show that F20 and A21 are contained in a β-strand segment25a, implying an 

intramolecular distance between carbonyl and Cβ labels of 3.4 ± 0.2 Å. For these 

measurements, Aβ11-25 fibrils (approximately 5 mg) were suspended in the same glycerol/

water solvent as in measurements on Aβ40 assemblies, with 1 mM DOTOPA-3OH-

Methoxy. Data in Fig. S7 show a build-up of Cβ NMR signals in difference spectra with 

increasing τpt on the 425 ms time scale, with a maximum polarization transfer of 

approximately 40%.

Measurements to probe supramolecular structure in Aβ40 fibrils and protofibrils were 

performed on samples II-IV (Table 1), in which assemblies were formed from mixtures of 

molecules with single 13C labels at carbonyl and aliphatic sites. To ensure random mixtures 

within the assemblies, carbonyl-labeled and aliphatic-labeled molecules were synthesized 

and purified simultaneously as described in the Methods section. Fig. 9B shows examples 

of 13C NMR difference spectra for protofibrils and fibrils prepared from Aβ40 sample III. 

With τpt= 3 ms, the difference spectra show strong carbonyl lines from the 13C-labeled A30 

carbonyl site and natural-abundance carbonyl 13C sites (near 177 ppm) as well as weaker 

signals from glycerol (near 65 ppm) and MAS sidebands of carbonyl and glycerol signals 

(near 199 ppm, 132 ppm, 110 ppm, and 43 ppm). As τpt increases, signals from 13C-labeled 

A30 Cβ sites (near 25 ppm) increase, primarily due to intermolecular polarization transfers 

from 13C-labeled A30 carbonyl sites.

Difference spectra for all Aβ40 samples are shown in Fig. S8. Fig. 9C shows the 

dependences of A21 and A30 Cβ signal areas (for Aβ40 samples II and III) and G33 

Cαsignal areas (for Aβ40 sample IV) on τpt. The normalized signal areas are calculated 

from the expression ameth/(acarb+ ameth), where ameth and acarb are Cβ (or Cα) and carbonyl 

signal areas in the difference spectra, so that the plots in Fig. 9C represent fractional 

polarization transfers. Data are shown for protofibrils and fibrils, prepared as described 

above, and also for fibrils that were grown from pre-formed Aβ40 fibril seeds with the three-

fold symmetric molecular structures reported previously by Paravastu et al.15b (cyan 

symbols in Fig. 9C). In all cases, the data can be fit with double-exponential functions (solid 

lines in Fig. 9C) of the form S(τpt) = (S1+ S2) – S1 exp(-τpt / τ1) – S2 exp(-τpt / τ2). Values 

of the best-fit parameters are given in Table 2.

We attribute the rapidly-increasing signal components (parameters S1 and τ1) to 

intramolecular polarization transfers from carbonyl 13C labels or natural-abundance 

carbonyl 13C to natural-abundance aliphatic 13C, and from natural-abundance carbonyl 13C 

to aliphatic 13C labels. We attribute the slowly-increasing signal components (parameters S2 

and τ2) to intermolecular polarization transfers from carbonyl 13C labels. For all fibril 

samples, S2≈ 0.12 ± 0.03. For fibrils prepared from Aβ40 samples II and III, τ2≈ 3 ± 1 s. 

The similar values of these parameters for different fibril samples indicates similar 

intermolecular carbonyl-Cβ distances for A21 and A30, as expected in an in-register parallel 

β-sheet structure. For fibrils prepared from Aβ40 sample IV, τ2≈ 1.2 ± 0.2 s. This smaller 

value of τ2 is also expected, because the nearest-neighbor intermolecular carbonyl-Cα 
distance for G33 is expected to be less than the nearest-neighbor intermolecular carbonyl- 

Cβ distances for A21 and A30. In an ideal in-register parallel β-sheet, these distances would 

be approximately 4.2 Å for G33 and 4.5 Å for A21 and A30, which would imply a ratio of 
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approximately 1.5 for the polarization transfer rates in the crude approximation that these 

rates are strictly proportional to R-6, with R being the nearest-neighbor distance between 

carbonyl and aliphatic 13C labels.

Polarization transfer data for Aβ40 fibrils are also consistent with the results for Aβ11-25 

fibrils described above and shown in Fig. S7. Assuming polarization transfer rates to be 

proportional to R-6, values of τ2 for Aβ40 fibrils should be about 5.4 times (for samples II 

and III) or 3.6 times (for sample IV) greater than the value of τ2 for Aβ11-25 fibrils. Results 

in Table 2 are in reasonable agreement with this crude prediction.

The observation that S2 for Aβ11‐25 fibrils is roughly 3-4 times larger than S2 for Aβ40 

fibrils is attributable to the larger contribution of natural-abundance 13C to the total carbonyl 

NMR signal area in difference spectra of Aβ40 fibrils and to the fact that the Aβ40 fibrils 

are comprised of mixtures of carbonyl-labeled and aliphatic-labeled molecules. Natural-

abundance 13C accounts for approximately 50% of the total carbonyl signal area acarb in the 

Aβ40 fibril samples, but only 17% in the Aβ11-25 fibrils. In addition, only about 50% of 

carbonyl-labeled Aβ40 molecules have an aliphatic-labeled nearest neighbor.

For all Aβ40 protofibrils, the polarization transfer data in Fig. 9C are fit with smaller and 

more variable values of S2 (0.02-0.10) and with more variable values of τ2 (0.1-10 s), 

compared with data for Aβ40 fibrils. The smaller polarization transfer amplitudes for Aβ40 

protofibrils indicate longer intermolecular carbonyl-aliphatic distances for the labeled sites 

in protofibrils than in fibrils. Data for protofibrils prepared from Aβ40 sample II show very 

little polarization transfer, indicating nearest-neighbor intermolecular carbonyl-Cβ distances 

for A21 that greatly exceed 5 Å. Thus, these data support the absence of in-register parallel 

β-sheet structures in wild-type Aβ40 protofibrils.

In the structural model for D23N-Aβ40 protofibrils developed by Qiang et al.17c (Protein 

Data Bank file 2LNQ), nearest-neighbor intemolecular distances between G33 carbonyl and 

G33 Cα sites are 5.0 ± 0.2 Å, while nearest-neighbor intermolecular distances between A30 

carbonyl and A30 Cβ sites or between A21 carbonyl and A21 Cβ sites are greater than 9 Å.If 

the same double-layered antiparallel β-sheet structure exists in wild-type Aβ40 fibrils, then 

one would expect the time scale for polarization transfer in protofibrils prepared from Aβ40 

sample IV to be roughly three times greater than in fibrils prepared from Aβ40 sample IV, 

and the time scale for polarization transfer in protofibrils prepared from Aβ40 samples II 

and III to be more than 10 times greater than in the corresponding fibrils. Data in Fig. 9 do 

not agree completely with these expectations, particularly in the case of Aβ40 sample III. 

Therefore, our data do not prove that wild-type Aβ40 protofibrils have the same 

supramolecular structure as D23N-Aβ40 protofibrils.

Discussion

Summary of conclusions from DNP-enhanced ssNMR data

Experiments described above provide new information about the structural properties of 

intermediates in the Aβ40 assembly process. First, it is clear from the 13C NMR linewidths 

in Figs. 5 and 6 that the degree of conformational order increases progressively as assembly 
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proceeds from the largely monomeric state prepared initially at high pH, to the largely 

oligomeric state that develops quickly after pH neutralization, to the metastable protofibrillar 

state that subsequently develops over a period of several hours, and finally to the mature 

fibrillar state that is produced by several rounds of sonication and incubation. Remarkably, 

the predominant molecular conformations are similar at all stages. In particular, average 13C 

secondary chemical shifts for carbonyl, Cα, and Cβ sites of F19, L34, and G38 indicate 

extended, β-sheet-like conformations in ssNMR spectra of high pH, neutral pH, protofibril, 

and fibril samples. Absolute values of secondary shifts for carbonyl sites are somewhat 

reduced in neutral pH and high pH samples, consistent with the absence of ordered β-sheet 

structures prior to the formation of protofibrils.

In addition, F19-L34 sidechain contacts are evident in the 2D spectra in Fig. 7, indicating 

that Aβ40 conformations similar to the U-shaped conformation in mature fibrils (Fig. 8A) 

are highly populated at all stages, even before formation of ordered β-sheets and before 

formation of oligomers that are large enough to be visible in TEM images. Thus, the 

predominant molecular conformation can be considered to be independent of the 

supramolecular structure in Aβ40 assemblies. In principle, disruption of this conformation 

might simultaneously prevent the formation of oligomers, protofibrils, and fibrils.

Protofibrils form within several hours, but then persist for at least 20 days at room 

temperature in the absence of sonication or agitation of the Aβ40 solution. Conversion to 

fibrils is accelerated by periodic sonication. This observation can be explained by the 

existence of a small population of fibrils that develops spontaneously from monomers or 

small oligomers, possibly during the same period when the majority of Aβ40 molecules are 

self-assembling into protofibrils. Sonication breaks the fibrils and protofibrils into shorter 

fragments, creating more fibril and protofibril ends and thereby accelerating the transfer of 

Aβ40 molecules from the less thermodynamically stable protofibrils to the more stable 

fibrils. This transfer presumably occurs by gradual dissolution of the less stable structures 

and extension of the more stable structures, as discussed by Qiang et al.40a Under the 

conditions of our experiments, nucleation of protofibril structures is apparently more rapid 

than nucleation of fibril structures, accounting for the much greater abundance of protofibrils 

than fibrils prior to sonication.

The metastability of protofibrils suggests that their molecular structures must be 

significantly different from those of fibrils, so that conversion of protofibrils to fibrils can 

not occur by internal structural rearrangements. In other words, protofibrils are “off-

pathway” intermediates and are not simply defective fibrils. 13C spin polarization transfer 

data in Fig. 9 indicate a significant difference in supramolecular organization, implying that 

protofibril-to-fibril conversion requires a rearrangement of the hydrogen bonding patterns 

within β-sheets, which can not occur at an appreciable rate within an intact assembly. Data 

in Fig. 9 show that the in-register, parallel β-sheet structure of mature Aβ40 fibrils does not 

exist within Aβ40 protofibrils. Polarization transfer curves for protofibrils in Fig. 9C are 

consistent with antiparallel β-sheets, but the precise intermolecular alignment in the 

protofibrils can not be determined from these data.
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It should be noted that the Aβ40 concentration and solvent composition in our experiments 

are quite different from those in physiological settings, as are many other factors. Therefore, 

the stages of Aβ40 self-assembly examined in our experiments are not necessarily relevant 

to the physiological self-assembly process.

Comparisons with previous studies of Aβ self-assembly intermediates

The first ssNMR studies of Aβ self-assembly intermediates were reported by Ishii and 

coworkers7c,7d, who studied large (∼650 kDa), long-lived, spherical Aβ40 assemblies that 

form at 4° C, pH 7.4, and 100 μM peptide concentration. 13C chemical shifts were found to 

be quite similar in lyophilized spherical assemblies and in Aβ40 fibrils, consistent with our 

data for smaller Aβ40 oligomers with shorter lifetimes. Measurements of 

intermolecular 13C-13C dipole-dipole couplings indicated a predominantly parallel 

intermolecular alignment in the large spherical assemblies7d, in contrast to our results. TEM 

images reported by Ishii and coworkers suggest a direct evolution of their spherical 

assemblies to mature fibrils after more than 50 h of incubation, without the development of a 

large population of metastable protofibrils and without sonication or agitation of the Aβ40 

solution. Thus, it appears that the preference for parallel intermolecular alignment within 

large, spherical Aβ40 assemblies, under the conditions employed by Ishii and coworkers, 

may permit an “on-pathway” conversion of the spherical assemblies to fibrillar assemblies 

by internal structural rearrangements, without the dissolution discussed above. More 

recently, Ishii and coworkers have reported ssNMR studies of spherical Aβ42 assemblies, 

called “amylospheroids”, which they also found to contain predominantly parallel 

intermolecular alignments and molecular conformations similar to the Aβ40 conformation 

depicted in Fig. 8A.18b

Paravastu and coworkers performed ssNMR studies of small, metastable Aβ42 oligomers, 

prepared by dialysis from 100 μM peptide solutions that contain SDS7b. Again, 13C 

chemical shifts indicated similar molecular conformations in Aβ42 oligomers and Aβ42 

fibrils, which were prepared separately without SDS. Measurements of 

intermolecular 13C-13C dipole-dipole couplings indicated the absence of in-register, parallel 

alignment in the oligomers, although short intermolecular distances between V36 carbonyl 

sites were detected. Consistent with our results for Aβ40 self-assembly intermediates, 

differences in β-sheet structure appear to account for the metastability and off-pathway 

nature of these Aβ42 oligomers.

Smith and coworkers20 performed studies of small Aβ42 oligomers (formed at 200 μM 

peptide concentration) that were metastable at 4° C, but which converted within 6 h to 

protofibrils at 37° C, and then to fibrils within 12 days. From a combination of ssNMR, 

atomic force microscopy, and other measurements, they concluded that these oligomers were 

pentameric or hexameric discs, in which the Aβ42 conformation was similar to that in Aβ42 

fibrils but which lacked β-sheet organization.

Huster and coworkers performed ssNMR studies of Aβ40 protofibrils (formed at 900 μM 

peptide concentration) that were stabilized by interactions with the antibody B10AP19. 

Again, their 13C chemical shift data indicate similar conformations in protofibrils and fibrils. 

Additionally, they observed long-range 13C-13C crosspeak signals between E22 and I31 in 
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2D ssNMR spectra of B10AP-stabilized protofibrils that are absent from spectra of Aβ40 

fibrils, an observation that they interpret as evidence for a significant difference in β-sheet 

structure.

Reif and coworkers21 performed ssNMR studies of small Aβ40 oligomers (formed at 100 

μM peptide concentration) that were stabilized by interactions EGCG, a compound from 

green tea that is reported to render the oligomers nontoxic. Their data indicate a longer 

disordered N-terminal tail in EGCG-stabilized oligomers than in Aβ40 fibrils, but otherwise 

a similar molecular conformation, including the presence of D23-K28 salt bridges in the 

oligomers.

Madhu and coworkers investigated structural differences between Aβ40 fibrils and small 

oligomers formed at 25 μM Aβ40 concentration in volatile ammonium acetate buffer18a. 13C 

chemical shifts were found to be similar in residues 11-21 and 30-40, but significantly 

different in the N-terminal segment and in residues 23-28. F19-L34 crosspeaks were also 

observed, as discussed above, in 2D 13C ssNMR spectra of both fibrils and oligomers.

Härd and coworkers have reported ssNMR studies of protofibrils formed by a double 

cysteine mutant of Aβ42 in which a β-hairpin monomer conformation is enforced by an 

intramolecular disulfide linkage. From the ssNMR data and computational methods, they 

propose a structural model in which the protofibrils are stacks of Aβ42 hexamers with an 

overall β-barrel-like configuration. Although this is an intriguing model, it may not apply to 

unmodified Aβ protofibrils.

In summary, previous studies have examined Aβ self-assembly intermediates that were 

prepared according to diverse protocols. In agreement with our data for high pH, neutral pH, 

and protofibril samples in frozen glycerol/water solutions, the molecular conformations in 

all intermediates resemble the conformations in Aβ40 and Aβ42 fibrils. Specifically, 

hydrophobic segments containing residues 17-21 and 30-36 (or somewhat longer segments) 

adopt extended, β-strand-like conformations. The N-terminal and C-terminal extended 

segments are separated by a bend or loop, allowing them to interact with one another 

through sidechain-sidechain contacts (or possibly hydrogen bonds, in the case of self-

assembly intermediates with β-hairpin conformations). However, it appears that most self-

assembly intermediates do not contain the in-register, parallel β-sheet structure that has been 

found in all mature Aβ40 and Aβ42 fibrils to date.

Experiments described above are distinct from previous studies in that we have characterized 

structural changes in a series of successive stages of the Aβ40 self-assembly process, rather 

than focusing on a single species, we have trapped transient species in frozen solution, and 

we have used DNP to enhance the sensitivity of the ssNMR measurements, thereby avoiding 

the need for lyophilization.

Prospects for future studies

DNP-enhanced ssNMR measurements described above represent the first application of 

DNP to the structural characterization of transient or metastable species that are of 

biological relevance. Compared with earlier experiments on a protein folding intermediate 
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without DNP24c, the quantity of labeled peptide in each measurement was reduced by a 

factor of approximately 15 and the time required to acquire 2D 13C ssNMR spectra was 

reduced by factors of 10-30, depending on linewidths. Thus, ssNMR experiments on 

transient states in a variety of processes become possible that were previously precluded by 

limitations on available protein quantities, solubility, and throughput.

Procedures for pH adjustment, mixing, and freezing employed in our experiments are slow, 

implying that self-assembly proceeds for at least several minutes before the neutral pH 

samples are frozen for ssNMR measurements. In future studies, we plan to examine earlier 

stages of self-assembly following a rapid switch from solvent conditions under which Aβ 
peptides are primarily monomeric to conditions that favor aggregation. Such studies will 

utilize rapid mixing and rapid freezing methods to trap intermediates on time scales ranging 

from milliseconds to seconds. With a similar approach, DNP-enhanced ssNMR studies of 

intermediates in protein folding, ligand binding, membrane insertion, and enzymatic 

processes are readily envisioned.
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Figure 1. 
Negatively stained TEM images of Aβ40 at four stages of self-assembly. (A) “High pH” 

sample, after initial preparation of an Aβ40 solution at pH 12. (B) “Neutral pH” sample, 

shortly after adjustment to pH 7.5. (C) “Protofibril” sample, after 4 h incubation at pH 7.5. 

(D) “Fibril” sample, after four rounds of sonication and incubation. Insets are expanded 

views of the indicated regions.
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Figure 2. 
Biophysical characterization of Aβ40 assemblies. (A) SDS-PAGE gel of Aβ40 assemblies 

after PICUP cross-linking with 0.5 s and 0.0 s light exposure times. A 2 mM solution of the 

4.06 kDa protein HP35 in 50 mM phosphate buffer at pH 7.4 is used as a non-aggregating 

control. (B) Stain density profiles from lanes 1-4 of the SDS-PAGE gel. (C) DLS 

autocorrelation functions, with the amplitudes before 10 μs indicating the relative 

concentrations of large aggregates. (D) Populations of small (sedimentation coefficient 

S20,w< 1 S) and large (S20,w > 1 S) species determined by sedimentation velocity 

measurements. Here S20,wrepresents the sedimentation coefficient normalized to the 

standard conditions of 20° C and pure water solvent.
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Figure 3. 
Circular dichroism spectra of high pH, neutral pH, and protofibril samples at 2.0 mM Aβ40 

concentration (black spectra) and after mixing with an equal volume of glycerol (red 

spectra)
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Figure 4. 
DNP enhancements of ssNMR signals from Aβ40 assemblies in frozen, triradical-doped 

glycerol/water solutions. (A-D) One-dimensional, cross-polarized 13C spectra of high pH, 

neutral pH, fibril, protofibril, and high pH samples, respectively, prepared with isotopic 

labeling pattern I in Table 1. Spectra were obtained at 100.8 MHz 13C NMR frequency, 25 K 

sample temperatures, and 6.7 kHz MAS frequency. Spectra with (blue) and without (red) 

microwave irradiation at 264.0 GHz are plotted on the same vertical scale in each panel and 

with the indicated number of scans for each spectrum. DNP enhancement factors, defined as 

the ratio of signal amplitudes with and without microwave irradiation, are 80, 60, 32, and 18 

in panels A-D, respectively. Recycle delays are 5.6 s, 5.0 s, 25.0 s, and 30.0 s.
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Figure 5. 
DNP-enhanced 2D 13C ssNMR spectra of Aβ40 assemblies with isotopic labeling pattern I. 

(A) High pH sample, acquired with 5.6 s recycle delay, 2.7 ms maximum t1 period, total 

measurement time of 5.0 h, processed with 150 Hz Gaussian apodization in both 

dimensions. (B) Neutral pH sample, acquired with 5.7 s recycle delay, 2.7 ms maximum t1 

period, total measurement time of 5.0 h, and 150 Hz Gaussian apodization. (C) Protofibril 

sample, acquired with 10.0 s recycle delay, 3.9 ms maximum t1 period, total measurement 

time of 1.5 h, and 50 Hz Gaussian apodization. (D) Fibril sample, acquired with 10.2 s 

recycle delay, 3.9 ms maximum t1 period, total measurement time of 1.7 h, and 50 Hz 

Gaussian apodization. 1D slices at 13C chemical shifts of L34 Cγ (blue), F19 Cβ (green), 

and F19 Cα (red) are shown to the right of each 2D spectrum. Vertical dashed lines indicate 

peak positions in the fibril spectrum. Samples were in frozen glycerol/water at 25 K with 

triradical dopants. Spectra were acquired with 6.7 kHz MAS and 23.8 ms spin diffusion 

mixing periods between t1 and t2 periods. Contour levels increase by successive factors of 

1.3.
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Figure 6. 
Secondary chemical shifts for carbonyl, Cα, and Cβ sites in F19, L34, and G38, relative to 

random coil shifts reported by Wishart et al.43 Error bars indicate the full widths at half 

maxima measured from crosspeaks in 2D ssNMR spectra of the Aβ40 samples. In addition 

to data from DNP-enhanced spectra of high pH, neutral pH, protofibril, and fibril samples in 

frozen solutions, data are shown for an Aβ40 powder prepared by lyophilization of an HFIP 

solution.
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Figure 7. 
DNP-enhanced 2D 13C ssNMR spectra of Aβ40 assemblies, obtained with 2.1 s RAD 

mixing periods. (A-D) Spectra of high pH, neutral pH, protofibril, and fibril samples, with 

1D slices at 13C chemical shifts of L34 Cγ(red) and F19 Cα (blue) shown to the right of each 

2D spectrum. Samples were prepared with isotopic labeling pattern I. Sample temperatures, 

MAS frequencies, maximum t1 periods, and recycle delays were as in Figure 4. Total 

measurement times were 5.0 h, 5.0 h, 1.7 h, and 3.0 h, respectively. Gaussian apodizations 

were 250 Hz, 250 Hz, 150 Hz, and 150 Hz, respectively. Blue arrows indicate inter-residue 

crosspeaks between F19 aromatic and L34 aliphatic signals. Red arrows indicate crosspeaks 

between F19 aromatic and F19 Cα signals.
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Figure 8. 
(A) Cartoon representation of a cross-β structural motif in Aβ40 fibrils, adapted from PDB 

file 2LMP, showing the proximity of F19 and L34 sidechains in the core of the double-

layered parallel β-sheet structure that is known to exist in Aβ40 fibrils. (B) Inter-residue 

F19-L34 crosspeak volumes from 2D 13C ssNMR spectra in Fig. 5, normalized to the sum of 

intra-residue L34 CO-Cγ, Cα-Cγ, and Cβ-Cγ crosspeak volumes in the same spectra. Error 

bars for neutral pH and high pH data represent uncertainty due to the root-mean-squared 

noise in the experimental spectra. Uncertainties for fibril and protofibril data are at least five 

times smaller.
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Figure 9. 
Characterization of supramolecular structures in Aβ40 protofibrils and fibrils by 

measurements of intermolecular 13C spin polarization transfers. (A) Radio-frequency pulse 

sequence for polarization transfer experiments, showing 1H-13C cross-polarization (blue 

period), a 3 ms “z-filter” dephasing period τz, a 0.6 ms Gaussian-shaped frequency-selective 

π pulse applied to carbonyl 13C sites on alternating signal acquisitions (dashed red line), the 

incremented polarization transfer period τpt with RAD irradiation (purple), and signal 

acquisition after a 13C π/2 pulse (black bars). Yellow blocks indicate 1H decoupling. (B) 

Examples of 13C difference spectra (with and without the frequency-selective π pulse) for 

Aβ40 protofibrils (left) and fibrils (right) with isotopic labeling pattern III, showing the 

growth of A30 Cβ signals with increasing τpt (dotted lines). (C) Polarization transfer curves 

for fibrils and protofibrils with isotopic labeling patterns II, III, and IV, showing the growth 

of signals from A21 Cβ sites, A30 Cβ sites, and G33 Cα sites due to polarization transfers 

from A21, A30, and G33 carbonyl sites, respectively. For each curve, Cβor Cα signals in 

difference spectra, integrated over 7-10 ppm intervals, are normalized to integrated carbonyl 

signals in the same spectra. Solid lines are least-squares fits with a double exponential 

function, as described in the text. Seeded fibrils were grown by using sonicated fragments of 

Aβ40 fibrils with the three-fold symmetric structure described by Paravastu et al.15b as 

seeds.
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Table 1

Isotopic labeling patterns of peptide samples for ssNMR measurements. All Aβ40 samples were also 

perdeuterated at V12, V18, V24, V36, and V39.

peptide sample labeling of component A labeling of component B A:B ratio

Aβ40 I U-15N,13C at F19, L34, G38; 13CO at A30 U-15N,13C at F19, L34, G38; 13Cβat A30 50:50

Aβ40 II 13CO at A21 13Cβat A21 28:72

Aβ40 III 13CO at A30 13Cβat A30 56:44

Aβ40 IV 13CO at G33 13Cαat G33 40:60

Aβ11-25
13CO at F20; 13Cβ at A21; 15N at L17 -- --
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