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Abstract 

In this perspective article I briefly highlight the rapid progress made over the past two decades in 

atomic level structural and dynamic studies of amyloids, which are representative of non-

crystalline biomacromolecular assemblies, by magic-angle spinning solid-state NMR 

spectroscopy. Given new and continuing developments in solid-state NMR instrumentation and 

methodology, ongoing research in this area promises to contribute to an improved understanding 

of amyloid structure, polymorphism, interactions, assembly mechanisms, and biological function 

and toxicity.    
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1. Introduction 

The past two decades or so have seen incredible advances in the application of magic-angle 

spinning (MAS) solid-state nuclear magnetic resonance (NMR) to biological systems. Until the 

mid 1990’s, solid-state NMR structural studies of biomolecules were largely confined to samples 

containing NMR-active low- 13C and 15N nuclei incorporated at specific sites, and carried out at 

low to moderate magnetic fields (< 500 MHz 1H frequency) and sample spinning rates (< 10 

kHz) by using radiofrequency pulse schemes designed to measure anisotropic chemical shift 

and/or through-space magnetic dipole-dipole interactions [1,2]. While “low throughput” and cost 

and labor intensive, these pioneering studies nevertheless clearly underscored the potential of 

solid-state NMR—which suffers from relatively few limitations related to molecular size or 

crystalline state—to grow into a powerful tool for the atomic level structural (and dynamic) 

analysis of large biomacromolecular complexes and assemblies that may contain proteins, 

nucleic acids, carbohydrates, lipids and/or small molecule cofactors or ligands and are not 

amenable to or present considerable difficulties for other, complementary high-resolution 

techniques including solution NMR, X-ray crystallography and cryogenic electron microscopy 

(cryo-EM). This motivated and paved the way for a number of critical developments in solid-

state NMR instrumentation and methodology as well as in sample preparation approaches 

including: (i) homogeneous high-field (800-1000 MHz) magnets, with commercial >1 GHz 

instruments in production or final stages of development, (ii) high-quality triple- and quadruple-

resonance MAS NMR probes optimized for biological samples and capable of achieving sample 

spinning rates exceeding 100 kHz [3-7], (iii) new isotope labeling methods in addition to the 

standard uniform 13C and 15N enrichment [8-10], (iv) general protocols for the generation of 

optimal solid-state NMR samples with high degree of local order that yield the highest resolution 
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spectra [10-12], and (v) efficient pulse schemes for spin decoupling, recoupling and 

magnetization transfer facilitating backbone and side-chain assignments and distance and torsion 

angle measurements in coupled multiple spin systems [13,14]. Collectively, these developments 

have made possible the comprehensive solid-state NMR analysis of both structured and dynamic 

domains of large complexes and supramolecular assemblies, containing protein subunits of up to 

~200-300 amino acids in size and exhibiting motions on a wide range of timescales, under 

physiologically relevant conditions [15-34]. Most importantly, they have enabled fundamentally 

new questions, not readily addressable by other experimental techniques, to be explored, 

providing unique insights into biological function and mechanism. 

In this short perspective article, I highlight the remarkable progress that has been made 

over the past ~20 years in the application of MAS solid-state NMR spectroscopy toward the 

understanding of structure, dynamics and interactions in amyloids, which are a representative 

example of the types of systems that can be successfully investigated by this technology 

[16,17,19,21,25,27,29,32]. Amyloids, which are discussed in additional detail below, are fibrillar 

supramolecular peptide or protein aggregates that are particularly challenging to probe at atomic 

resolution by most experimental structural biology tools given that they are highly polymorphic, 

frequently lack exact long-range order, and typically contain both structured and dynamically 

disordered large domains. In addition to amyloids, solid-state NMR has been utilized to 

successfully investigate other classes of biomacromolecular complexes and assemblies including 

but not limited to membrane proteins, enzymes, cytoskeletal and viral protein assemblies and 

protein-nucleic acid complexes such as chromatin, as discussed in detail in recent reviews 

[15,18,20,23-26,28,30,31,33,34]. 
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2. Amyloids 

 The assembly of peptides and proteins into amyloids, including structural and 

mechanistic aspects as well as the biological consequences of amyloid formation, has been 

discussed in depth in a number of excellent reviews [35-41]. Briefly, amyloids are filamentous 

structures that are typically several nanometers in diameter and up to a few microns in length 

(see Figure 1 for a representative example). They may consist of one or multiple protofilaments 

that wind together along the fibril long axis, where the core of each protofilament is made up of 

peptide or protein molecules having similar conformation stacked onto one another in a cross- 

architecture with the -strand segments of successive molecules roughly perpendicular to the 

fibril long axis and hydrogen-bonded [35,36,40]. While many polypeptides having disparate 

amino acid sequences and native structures, ranging from intrinsically disordered to globular to 

membrane-bound, are capable of undergoing conformational conversion to the amyloid state 

under appropriate conditions in vitro (e.g., at low pH or in presence of denaturants), ~50 human 

proteins can do so in vivo under physiological conditions leading to disease with -amyloid and 

tau proteins associated with Alzheimer’s disease and -synuclein associated with Parkinson’s 

disease being among the most prominent examples [39]. Furthermore, recent studies indicate that 

in certain cases amyloid formation is non-pathogenic and important for function [37,38].  

 

3. Solid-State NMR Structural Studies of Amyloids 

Until the early 1990’s structural characterization of amyloids was largely limited to X-ray 

fiber diffraction, which typically revealed ~4.8 Å meridional and ~10 Å equatorial reflections 

indicative of the characteristic cross- structure with multiple -sheets separated by ~10 Å 

running parallel to the fibril long axis and each -sheet composed of hydrogen-bonded strands 
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spaced by the canonical distance of ~4.8 Å [42]. MAS solid-state NMR—with its ability to probe 

both rigid and highly flexible segments in non-crystalline biological solids by using pulse 

sequences based on dipolar coupling and J-coupling mediated magnetization transfers, 

respectively (Figure 1) [27], and to accurately determine site-specific intermolecular distances up 

to ~5-10 Å in proteins via measurements of dipolar couplings as well as protein backbone 

dynamics via measurements of nuclear dipolar couplings and spin relaxation rates [13,14,43]—is 

ideally suited for providing atomic resolution information on protofilament structure and 

dynamics in amyloids. Indeed, many of the fundamental principles of amyloid atomic structure 

were originally established by solid-state NMR, generating major impact across the scientific 

community. The structural information from solid-state NMR, when combined with additional 

data available from microscopic techniques including cryo-EM, scanning transmission electron 

microscopy (STEM), dark-field TEM and/or atomic force microscopy (AFM) and spectroscopic 

and spectrometric techniques including electron paramagnetic resonance and 

hydrogen/deuterium exchange coupled with mass spectrometry or solution NMR, may then be 

used within an integrated approach to derive atomistic models for entire fibrils [19,27,29]. It is 

also worth mentioning that high-resolution structures could be determined in the absence of 

solid-state NMR data for amyloid fibrils formed by a number of short peptide sequences (~4-12 

amino acids) using X-ray and electron microcrystallography [44-48] and for several larger 

peptides and proteins using cryo-EM [49-53], in spite of the fact that amyloids generally do not 

exhibit exact translational symmetry.     

The initial structural solid-state NMR studies of amyloid fibrils were performed by 

Griffin, Lansbury and co-workers for a 9-residue peptide corresponding to amino acids 34-42 of 

the -amyloid peptide (A34-42) [54,55]. These studies were based on rotational resonance 13C-
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13C distance measurements [56] in site-specifically labeled samples and culminated in the 

determination of a relatively low-resolution structural model [55] in which the cross- 

architecture was composed of antiparallel -sheets. The same group concurrently carried out 

rotational resonance solid-state NMR measurements and proposed an antiparallel -sheet model 

for residues 20-29 of human islet amyloid polypeptide (IAPP) associated with type II diabetes 

[57]. Subsequent 13C-13C dipolar recoupling and 13C multiple quantum solid-state NMR 

measurements for longer, site-specifically 13C labeled fragments of the -amyloid peptide, 

including A10-35, A1-40 and A1-42, by Botto, Lynn, Meredith and co-workers and Tycko 

and co-workers [58-63] conclusively showed that these fibrils all adopt a parallel in-register -

sheet architecture, which, while somewhat surprising at the time in light of the data available for 

the shorter amyloid peptides, has since been found to be a common structural motif for most 

protein amyloids. Additionally, Tycko and co-workers proposed a much more detailed structural 

model for A1-40 fibrils based on a larger set of distance and torsion angle restraints obtained 

from a set of fibril samples prepared with backbone 13CO labeling of specific residue pairs as 

well as uniform 13C,15N labeling of consecutive or non-consecutive residues, combined with 

fibril mass-per-length data [64].                

 Around the same time, in the early 2000’s, solid-state NMR methods for sequential 

resonance assignments and high-resolution structure determination of highly and/or uniformly 

13C,15N labeled peptides and small globular proteins were successfully demonstrated [8,65,66], 

opening up the possibilities for the application of analogous approaches to amyloids. In one such 

study, Griffin, Dobson and co-workers determined the high-resolution structure of an 11-residue 

peptide fragment of transthyretin (TTR105-115) within fibrils based on ca. 7 solid-state NMR 

intramolecular 13C-15N distance and/or dihedral angle restraints per residue (Figure 2A) [67,68]; 
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combined with the monomer structure, additional solid-state NMR intermolecular distance 

measurements together with X-ray diffraction, AFM, STEM and cryo-EM data obtained by the 

same group permitted atomic-resolution structures to be determined for entire fibrils 

corresponding to three distinct TTR105-115 amyloid polymorphs containing different numbers 

of protofilaments [69,70]. Additional early solid-state NMR studies of this kind included the 

high-resolution structure determination of amyloid forming peptide fragments of the 

transcriptional activator human CA150 [71] and 2-microglobulin [72], as well as HET-s(218-

289) prion amyloid fibrils (Figure 2B) [73,74]. For HET-s(218-289) fibrils a large number of 

intra- and intermolecular restraints (>1,000) was used to constrain the ~40 structured residues of 

HET-s(218-289) in the -solenoid amyloid core, and the solid-state NMR data provided key 

information about the protein conformation and incorporation into the amyloid scaffold, 

including details of the hydrophobic core interactions, salt bridges and asparagine ladders. In 

subsequent years, atomic-resolution structures have been determined by similar solid-state NMR 

methods for a number of other peptide and protein amyloid fibrils including several A1-40 

polymorphs generated in vitro [75,76] and A1-40 seeded with brain-derived amyloid [77], two 

A1-40 mutants associated with early onset neurodegeneration [78,79], A1-42 (Figure 2C) [80-

82], -synuclein associated with Parkinson’s disease (Figure 2D) [83], and the low-complexity 

domain of the FUS RNA-binding protein [84]. 

 The above examples of successful solid-state NMR studies that have resulted in 

elucidation of high-resolution amyloid fibril structures, as well as the numerous investigations of 

other amyloidogenic peptides and proteins along these lines that are underway in multiple 

research groups [19,27], clearly demonstrate the importance of solid-state NMR spectroscopy for 

understanding amyloid structure and assembly. These endeavors will undoubtedly be further 
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facilitated by recent developments in solid-state NMR methodology including fast (~60-120 

kHz) MAS combined with 1H detection [6,85-90], the use of covalent paramagnetic tags, 

including nitroxide spin labels and metal chelates, which enable site-resolved measurements of 

multiple long-range (up to ~20 Å) structural restraints in the form of electron-nucleus distances 

[91-97] and dynamic nuclear polarization (DNP) [69,98-103]. Collectively, these methodological 

advances are expected to permit rapid structural analysis using smaller (sub-milligram) amyloid 

samples. As one example, in Figure 3 we illustrate a recent application of paramagnetic solid-

state NMR to amyloids where a low-resolution fold for fibrils formed by residues 23-144 of 

human prion protein (PrP23-144) could be determined based on a sparse set of intra- and 

intermolecular paramagnetic relaxation enhancement (PRE) restraints measured in nitroxide spin 

label and Cu(II)-EDTA tagged fibril samples [96].                  

 

4. Beyond High-Resolution Structure Determination 

 Many amyloid peptides and proteins are capable of assembling into multiple distinct, 

self-propagating fibril structures. This molecular level polymorphism is believed to be 

responsible for the emergence of strains and transmissibility barriers in prion diseases [104,105], 

and similar phenomena appear to be operative in neurological disorders, including Alzheimer’s 

and Parkinson’s diseases, where amyloid polymorphism may play a role in clinical manifestation 

and pathogenesis [25]. In solid-state NMR spectra, information about molecular structure and 

structural heterogeneity is encoded in resonance frequencies and/or linewidths. This permits 

rapid fingerprinting of distinct structural conformers (including the concurrent presence of 

multiple polymorphs within the same sample), without the necessity to determine high-resolution 

structures. In the context of amyloids, solid-state NMR has been used to identify distinct 
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structural polymorphs for different peptides and proteins including A [75-77,106,107], IAPP 

[108], -synuclein [109-111], tau [112-115] and PrP23-144 variants [116] (see Figure 4 for a 

representative example), investigate the influence of amino acid mutations and/or deletions on 

amyloid core structures [78,79,116-120], and assess the structural variation in A fibrils 

stemming from different regions of the brain or associated with different patients and/or disease 

subtypes [77,121]. In related studies, available high-resolution amyloid structures have been 

successfully used to characterize the binding of small molecule ligands to fibrils (Figure 5) [122-

126]. Investigations in the latter direction promise to contribute to the development of improved 

amyloid markers and/or drug molecules. 

Finally, as noted above (c.f., Figure 1), solid-state NMR experiments enable facile 

identification of both relatively rigid amyloid core residues as well as highly dynamically 

disordered domains typically located outside the core region [27]. While the functional relevance 

of such dynamic domains in amyloids is generally unclear, in certain cases their flexibility 

appears to be correlated with fibril toxicity [127,128]. In addition, solid-state NMR 

measurements of nuclear dipolar couplings and spin relaxation rates permit the characterization 

of protein backbone motions on a wide range of timescales from picoseconds to milliseconds 

[43]. Interestingly, for several amyloid peptides and proteins, including A, HET-s(218-289) and 

PrP23-144 [89,129-132], such measurements have revealed that the core regions can exhibit 

considerable dynamics in spite of their overall highly ordered nature. 

 

5. Concluding Remarks 

 Major progress in solid-state NMR instrumentation and methodology has enabled 

tremendous advances to be made over the past two decades in the investigation of molecular 
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structure, dynamics and interactions of amyloids and other large biomacromolecular complexes. 

Importantly, these studies, frequently in combination with experimental and computational data 

available from complementary techniques, are collectively yielding unprecedented insights into 

biological function and mechanism. In the coming years, ongoing developments in solid-state 

NMR technology, including rapid sample spinning coupled with proton detection, dynamic 

nuclear polarization and paramagnetism-based approaches, promise to further increase the 

throughput and information content of solid-state NMR studies for amyloids and other 

assemblies of biological macromolecules.    
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Figure Captions 

Fig. 1. (A) Amino acid sequence of human PrP23-144. Relatively rigid amyloid core residues 

observable in cross-polarization based solid-state NMR spectra (panel C) are shown in red font 

and dynamically disordered residues observable in J-coupling based solid-state NMR spectra 

(panel D) are shown in green font. (B) Representative AFM image of human PrP23-144 

amyloid fibrils. The scale bar corresponds to 1 μm. Adapted from Ref. [133]. (C) 2D 500 MHz 

cross-polarization based 15N-13C spectra of human PrP23-144 amyloid fibrils recorded at 

MAS rate of 11.111 kHz and temperatures of ca. 0 oC (red contours) and -30 oC (blue 

contours). At 0 oC signals corresponding to only the most rigid amyloid core residues are 

detected, while at -30 oC signals from all residues are detected, including those which are 

conformationally flexible at 0 oC. Adapted from Ref. [134]. (D) 2D 500 MHz J-coupling based 

1H-13C spectra of human PrP23-144 amyloid fibrils recorded at MAS rate of 11.111 kHz and 

temperature of 30 oC, containing signals corresponding to only the dynamically disordered 

residues. Adapted from Ref. [129].     

 

Fig. 2. Representative high-resolution structures of amyloid peptides and proteins determined by 

solid-state NMR. (A) TTR105-115. Adapted from Refs. [68] and [70]. (B) HET-s(218-289). 

Adapted from Ref. [73]. (C) A1-42. Adapted from Ref. [81]. (D) -synuclein. Adapted from 

Ref. [83].  

 

Fig. 3. Ensemble of ten low-energy backbone structures for the core region of human PrP23-144 

amyloid fibrils (residues 109-144) corresponding to one layer of the two protofilament assembly. 

The structural model was derived by using sparse long-range intra- and intermolecular 
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paramagnetic relaxation enhancement restraints measured using fibril samples tagged with 

nitroxide spin labels or Cu(II)-EDTA side-chains at positions indicated by the red spheres. 

Adapted from Ref. [96].     

 

Fig. 4. 2D 800 MHz cross-polarization based 15N-13C spectra of two structural strains of 

Syrian hamster PrP23-144 amyloid, generated at 25 oC under quiescent conditions (q25) and at 

37 oC with continuous slow rotation (r37). Adapted from Ref. [116]. 

 

Fig. 5. Structural model of a polythiophene compound (LIN5001) bound to amyloid fibrils 

formed by the E265K mutant of HET-s(218-289). LIN5001, which contains four carboxylate 

moieties, interacts with the side-chains of lysine residues 229 and 265 (highlighted in cyan and 

blue) that are located in adjacent protein layers and form an extended positively charged region. 

Adapted from Ref. [123]. 
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