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ABSTRACT:

The amyloid fold is structurally characterized by a typical cross-f§ architecture, which is under
debate to represent an energy-favourable folding state that many globular or natively unfolded
proteins can adopt. Being initially solely associated with amyloid fibrils observed in the
propagation of several neurodegenerative disorders, the discovery of non-pathological (or
“functional”) amyloids in many native biological processes has recently further intensified the
general interest invested in those cross-f supramolecular assemblies. The insoluble and non-
crystalline nature of amyloid fibrils and their usually inhomogeneous appearance on the
mesoscopic level pose a challenge to biophysical techniques aiming at an atomic-level structural
characterization. Solid-state NMR spectroscopy (SSNMR) has granted breakthroughs in
structural investigations on amyloid fibrils ranging from the assessment of the impact of
polymorphism in disease development to the 3D atomic structure determination of amyloid
fibrils. First landmark studies towards the characterization of atomic structures and
interactions involving functional amyloids have provided new impulses in the understanding of
the role of the amyloid fold in native biological functions.

Over the last decade many strategies have been developed in protein isotope labelling, NMR
resonance assignment, distance restraint determination and 3D structure calculation of amyloid
fibrils based on SSNMR approaches. We will here discuss the emerging concepts and state-of-
the-art methods related to the assessment of amyloid structures and interactions involving
amyloid entities by SSNMR.
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1. Introduction

The term amyloid is by definition suitable for any protein-based supramolecular assembly
with congophilia (i.e. the propensity to bind the Congo red dye) and birefringence features,
while displaying non-branched fibrils of approximately 10 nm in diameter [1]. The
characterization of such unique entities has then been extended to the presence of the so-
called cross-f arrangement consisting in stacked B-strands perpendicular to the fibril axis that
arrange as intermolecular B-sheets along the fibril axis (Fig.1A, B). This structural hallmark,
presently considered to be a much more robust portrayal of the amyloid family, is adequately
pictured through typical X-ray diffraction patterns [2, 3], in which are inferred some structural
characteristics, as typical inter-strand and inter-sheet distances, respectively 4.7 A and 10 A
(Fig.1C).

Interestingly, the physician Rudolph Virchow first introduced the word amyloid in 1854,
while describing brain-related cellulose-like materials, called corpora amylacea [4]. It was
later demonstrated that amyloid entities were in fact a novel class of proteins, which displays
the ability to undergo conformational change and adopt the cross-f3 architecture, thus forming
amyloid fibrils. Such observations paved the way for ground-breaking discoveries in a
multitude of research fields. This considerable attention fundamentally arises from their
distinct association with a series of deadly (neuro-)degenerative disorders, called amyloidosis,
such as Alzheimer’s, Parkinson’s diseases and type 2 diabetes [5-11].

There are to date 36 extracellular fibril proteins and 7 intracellular protein-based inclusions,
with known disorder-related amyloid properties in humans [1]. Such amyloid assemblies are
under thorough investigation in various fields of research, as the detailed understanding of
their formation and the structural characteristics of the proteins with amyloid propensity could
be the key to remedy the resulting disorders.

However, more recently it has become evident that the amyloid family can actually be
split into two sub-classes, regarding their pathological or beneficial effects. These amyloids,
executing native cellular functions, have been identified in a range of organisms from bacteria
to mammals and are termed "functional amyloids" [12-18]. Hydrophobins, biofilm formation,
hormone storage, cellular signal transduction or yeast prions are some of many examples
illustrating the presence of amyloid-like systems involved in biological processes [19-26].

Such duality of effects, non-native aggregation and functional assembly, reveals the
complexity of the amyloid fold. Several reports suggest that virtually any protein, when set in
the proper conditions/environment, could adopt an amyloid-like B-strand-rich conformation,
thus advocating the amyloid fold as a universal global free-energy minimum for polypeptide
chains [27-29]. Nonetheless, the implication of functional amyloids in selective biological
processes such as cellular signal transduction [20, 23-25] indicate that the recruitment
strategies of amyloid monomers can be very specific and not necessary related to misfolding
events.

As a consequence of the non-crystalline and insoluble character of amyloid fibrils,
many obstacles impair the structure investigations at the atomic level of these systems based
on well-established techniques such as X-ray crystallography or solution NMR spectroscopy.



Additionally, a certain level of structural heterogeneity on the mesoscopic level often
encountered in amyloid fibrils has hampered the use of cryo-electron microscopy (cryo-EM)
until recently [30, 31]. Solid-state NMR (SSNMR) is a method of choice to achieve keen
characterization of supramolecular assemblies in general [32-38], and more specifically of
amyloid fibrillar assemblies at high resolution [39-42], as illustrated with the first structure
determination of prion amyloid fibrils achieved in 2008 [43] by Meier and coworkers or with
the discovery of the 3D fold of amyloid fibrils of a-synuclein [44] and AP [45-49], solved by
SSNMR techniques. SSNMR capacity to probe the local order of “imperfect” inhomogeneous
biological assemblies stands behind its power over amyloid fibrils [50]. High-resolution
structures of amyloid proteins remain however extremely scarce, for only less than 10
amyloid fibril architectures have been described at high resolution (see Table 1).

To date, 110 protein/peptide 3D structures determined by SSNMR, including different

types of protein complexes such as membrane-associated systems, macromolecular
assemblies (filaments, fibrils, capsids), or microcrystalline proteins, have been deposited at
the PDB (Protein Data Bank). Most high-resolution structures of amyloid fibrils have been
elucidated using SSNMR as the main method: to date, 23 amyloid protein/peptide structures
or structural models have been deposited in the PDB. Table 1 references all 23 structures
(amongst which 3 synthetic constructs are found), and displays both the origin organism of
the amyloid fibril, as well as the RMSD associated with the proposed structure/model. Figure
2 displays 5 of them.
This review endeavours to summarize and discuss methods and strategies that are used
throughout the demanding task of determining the moderate- to high-resolution 3D structures
of amyloid fibrils using SSNMR (Fig.2). While experimental data for virtually all deposited
structures have been obtained using conventional *C-detected SSNMR methods at moderate
MAS frequencies, recent reports suggest that this class of samples can yield high resolution
spectra also with 'H-detection at ultrafast MAS [51, 52]. The potential of this emerging
method for collecting long-range distance restraints and ultimately for high-resolution
structure determination has been recently demonstrated on microcrystalline model proteins
and viral protein assemblies [53-60] and is yet to exploit to accelerate structural studies and
increase accessible data for amyloid fibrils by significantly decreased commitment of
material, laboratory and manpower resources.

2. Methods
2.1 SSNMR Sample preparation
2.1.1 Protein Production

Both chemical synthesis and production by recombinant expression in E. coli have
been quite equally used in the above-mentioned structure determination processes (Table 1).
Indeed most small protein/peptide samples (up to about 30-50 residues) are prepared based on
well-known Fmoc-protection solid-phase chemical synthesis methods [61, 62], and HPLC-
based purification. Higher molecular-weight proteins, however, are usually produced by E.
coli-based recombinant expression followed by purification steps (Table 2). The latter protein
production by heterologous expression has the advantage that isotope labeling (*H, °C, "°N)
can be easily implemented by introducing the labeled precursors in the bacterial expression
medium. Furthermore, an arsenal of different selective labeling strategies based on
heterologous expression have been developed and successfully applied to determine amyloid
structures. During bacterial protein production, amyloid-forming proteins generally
accumulate in inclusion bodies and need to be extracted (e.g. using 8 M urea, or 6 M
guadinium chloride), followed by an enrichment and purification process, which could
employ, one or several, affinity- and/or size-exclusion- and/or hydrophobic-chromatography
procedures (Table 2). Note that the optimal protein expression conditions may vary between



the production in rich, unlabeled and in poor bacterial expression medium that can be
supplemented with labeled or unlabeled *H, °C, "N sources. It is therefore beneficial in
terms of cost and time effort to optimize the production in unlabeled poor medium before
using isotope-labeled sources.

2.1.2 Assembly and polymorphism

Prior to actual NMR data recording and analysis, the polymerization process
represents a significant step in the sample preparation because the conditions during the
assembly play a major role in driving the protein subunits to adopt one specific homogeneous
molecular structure, a heterogeneous variant or several structural polymorphs in the fibrillar
sample. Incubation temperature and duration, pH, protein concentration, nature of the buffer,
presence/quantity of additional compounds (e.g. metal ions, chaotropic agents, chelating
agents, redox reagents, antibacterial molecules, etc.), protein state upon rotor-packing (i.e.
hydrated or lyophilized sample), are some of numerous conditions that need to be thoroughly
optimized (Table 2) with both SSNMR and transmission electron microscopy as control
tools. The optimization steps are crucial since conformational and structural differences in the
fibril arrangement can be observed following only slight changes in sample preparation.
Indeed, obtaining highly homogeneous samples is a compelling task in the field of SSNMR
and the polymorph selection is often guided by the assembly conditions. The sample
heterogeneity and polymorphism observed for amyloid fibrils is under constant discussion
[39, 63, 64], and polymorphism as well as fold instability might carry biological significance.
Different structural polymorphs in disease-related amyloids lead to strains that might cause
different clinical and pathological phenotypes [65-68] and that can vary in cellular toxicity
[69-71].

SSNMR spectroscopy serves as a probe of the molecular-order at the atomic level, as
it can detect slight differences in local conformational states in the assembly. Indeed, the level
of sample homogeneity is directly reflected in the SSNMR line width and has thus a
consequent impact on the structural analysis [40-42, 50]. The idea of using “seeds” during the
assembly process has improved homogenizing the samples towards obtaining monomorphic
species. As a matter of fact, amyloid fibrils are thought to assemble in a nucleation-
polymerization manner, the first step being a slow reaction leading to the formation of the
nucleus (described as the least stable intermediate) that can further react with more subunits to
form a fibril in a favourable reaction [72]. This phenomenon can also explain the mechanism
of infectious proteins such as prions. The slow nucleus formation can lead to a long lag phase,
which can be bypassed by addition of preformed fibrils, referred to as “seeds”. Amyloid
fibrils seem to present a rather important stability (i.e. lack of polymorphism) when a certain
length is reached, conveying the “seed” property [2, 73-75].

In a nucleation and assembly acceleration purpose, the use of assembly/sonication
cycles has indeed been reported for many amyloid systems [47, 49, 76-79] (Table 2). One
remarkable use of the “seed” property is the one of Tycko and co-workers who utilize brain
extracts from deceased Alzheimer’s patients, to obtain the structure of the disease-related
AB40 polymorph [47, 65].

2.1.3 Isotope labeling

SSNMR approaches require '’N and "°C isotopic enrichment of biological samples to
enhance abundance signal and allow site-specific studies. Protocols for amyloid sample
preparation for SSNMR resemble those employed in solution NMR studies, but differ in that
the final sample needs to be assembled from the monomeric subunits [38]. The development
of isotopic labelling strategies has greatly enhanced the power of SSNMR in structural studies
as the labelling schemes allow to selectively retrieve the desired information (i.e. a specific



position of labelled *C and "N nuclei within the amyloid proteins), to reduce dipolar
truncation by spin dilution (distribution of labelled "°C sites based on metabolic pathways of
the used precursor), and to alleviate spectral congestion [80-83].

PC-°N enrichment can either derive from chemically labelled precursors during solid-
phase chemical synthesis, for which the limitations in labelling combination are of chemical
nature, or from the carbon sources that are used during recombinant expression. During
Recombinant protein production metabolic pathways of the host introduce the '*C-labeling to
specific positions in the amino acids [81]. Numerous selective *C-labeling strategies have
been exploited for SSNMR, such as using [U-"C]-, [1-°C]-, [2-°C]-, [1,3-"C,]- glucose or
glycerol derivatives. These labelling systems can be used either for intra-molecular or inter-
molecular interaction determination (Fig.3) (see subsection 2.2.3).

"H-detected ssNMR is an attractive alternative to *C-detected methods, which could
in perspective alleviate the need for isotopic enrichment. However, 'H-detected SSNMR
methods at moderate to fast MAS (approx. 20-60 kHz) need to be coupled not only to °C-
and °N-labelling to increase the separation of resonances in multidimensional spectra, but
also to different levels of deuteration to ensure narrow linewidths in the 'H dimension and
sensitivity of detection. For example, extreme levels of proton dilution in side-chains are
obtained by the expression in D,O/H,O mixtures (e.g. the ratio of 9:1) and the use of *H,"C-
glucose as the sole carbon source, followed by a purification in D,O [84, 85]. Alternatively,
an excess of D,O can be used for the expression, and a mixture of D,O/H,O can be used
during the purification/assembly step to partially reintroduce only exchangeable amide
protons [86, 87]. However, a high dilution of protons severely limits the probability of
observing 'H-"H contacts [88], therefore either a full back-exchange (in 100% H,O) or a
selective protonation in side-chains with a 100% occupancy (e.g. at methyl sites) has been
proposed to record amide-amide [53, 55, 89], methyl-amide and methyl-methyl [54, 56, 57,
90, 91] interproton distance restraints. The selective non-random protonation circumvents the
BC resolution issues related to “H-induced shifts, maximises sensitivity and resolution, and
allows to record long-range contacts between well-defined few 'H sites. However, the amount
of potentially available structural information is also significantly reduced, which can impair
the high-resolution structure determination (yet possible with automation for small model
proteins [57], but not on a larger molecular scale if not supplemented by other long-range
restraints [92, 93]). Also, incomplete exchange of amide 'H can severely hamper the spectral
analysis by 'H-detected SSNMR methods, particularly if a protein lacks a refolding protocol
[58, 87, 94, 95]. With the advent of fast spinning MAS probes (> 60 kHz), intermediate
approaches were proposed, yielding a significantly lower deuteration level in side chains (and
in particular, a full occupancy at Ha sites), such as “inverse fractional deuteration™ [95]
where *H,"’C-glucose and 100% H,O is used for expression, and either D,O or H,O at the
purification step. Recently, Meier and co-workers employed partial (about 75%) deuteration
for 'H-detection of amyloid fibrils of HET-s(218-289) at 60 kHz MAS, where a H,0:D,0
ratio of 1:3 was used for expression, and either pure D,O or H,O was used for washing the
resulting fibrils [96]. While this approach favours resolution of 'H™ and 'Ho resonances over
occupancy of 'Ha sites, the non-uniform *H-induced shifts degrade resolution in the "C
dimension or, for a given sample, cause systematic inconsistencies of *Co and >Cp shifts in
different spectra (or in different regions of the same spectrum) [96]. A number of studies have
recently demonstrated that in the ultrafast MAS regime (100-111 kHz) a large set of 'H-'H
restraints can be obtained for fully-protonated microcrystalline proteins, viral assemblies or
membrane-embedded proteins, thus alleviating all issues related to deuteration [51, 58-60,
97]. A detailed investigation on 'H linewidths showed that at 111 kHz MAS a minor
resolution gain is expected even with a high level of deuteration for microcrystalline proteins



[98], while partial deuteration remains beneficial for more dynamic systems such as
membrane proteins [99] or (amyloid) fibrils.

The distinction of inter- and intramolecular contacts in 'H-detected SSNMR remains a
challenge for sensitivity reasons, and until now is possible with a (uniform) mixed labelling
with "N or °C, or by deuterating one part of the assembly [100].

2.2 SSNMR analysis
2.2.1 SSNMR experiments for biomolecular assemblies

Solid-state NMR has emerged as the method of choice for investigation of insoluble
non-crystalline biopolymers at atomic resolution. The method is mainly based on two tools to
circumvent issues such as line broadening and low signal to noise ratios associated with °C
and "N. (i) Proteins in solid state move very slowly, so that the spectral lines are broadened
considerably compared to solution NMR spectra on soluble proteins, for which the isotropic
motion averages out several anisotropic NMR interactions. The use of MAS (i.e. Magic Angle
Spinning) [101] allows for the recovery of spectral resolution. Indeed, the sample is spun at
the magic angle (i.e. 54.7°; this angle averaging out several anisotropic interactions that are
orientation-dependent) relative to the magnetic field. Therefore, many line-broadening
interactions, such as CSA, quadrupolar and dipolar interactions, are partially averaged out by
the MAS, leading to significant line-narrowing and an increase in resolution and signal to
noise ratio. (ii) Cross-polarization (CP) is a well-established SSNMR experiment used to
increase sensitivity of B and N detection. Indeed, SSNMR usually uses B and "N nuclei,
with low gyromagnetic ratios, which necessitate long experimental times to provide suitable
signal. CP allows magnetization to be transferred from 'H (high gyromagnetic ratio) to
heteroatoms (e.g. ">C and 15N) that are dipolar-coupled to enhance the signal and decrease
the experimental time. To date, mostly *C-based structure elucidation strategies have been
employed on amyloid fibrils, but 'H-detected ultra-fast MAS are increasingly reported for this
kind of systems.

2.2.2 Data analysis

1D, 2D, and 3D SSNMR spectra of amyloid fibrils are usually firstly recorded based
on 13C-BC, 13C-ISN, 13C-ISN-BC, BN-Bc-BC or (lH-)lsN-lH correlations in the aim of
assigning different resonances to the protein atoms, as chemical shift assignments are a
prerequisite for extracting structural information using NMR spectroscopy. The level of
complexity during the resonance assignment process typically depends on the diversity of the
amino acid composition, the presence or absence of repetitive sequence motifs, the extent of
undetectable residues (due to static or dynamic disorder), structural homogeneity in the
sample, available SSNMR technology and methodology and also on the availability of other
biophysical data. Assigned SSNMR resonances (mainly “Ca, *Cp) allow the secondary
structure determination of all detected residues, based on the use of secondary chemical shifts
[102].

When aiming at robust and high-resolution analysis, spectral crowdedness can hamper
peak observation, and thus the 3D structural information collection, which is achieved by
measuring inter- and intra-molecular distance restraints, obtained using polarization transfers
between two atoms (usually 'H, BC, or ISN), located below ~2-10 A in space. Spin dilution,
achieved through the above-mentioned labelling strategies (i.e. >C-glucose and *C-glycerol-
derived precursors) offers higher spectral resolution by reducing scalar one-bond “C-">C
couplings. In addition, the °C spin dilution improves the efficiency of polarization transfer
between through-space coupled *C-"C pairs, by decreasing the phenomenon of dipolar
truncation [103-105]. [1-°C]-, [2-"*C]-, [1,3-"°C;]- glucose (or glycerol) labelling strategies
allow the almost complete removal of one-bond dipolar, and J-couplings, thus considerably



improving the spectral resolution, by a factor of ~2 or larger [36, 82, 106, 107]. Indeed, the
reduced number of ’C-labeled sites lessens the spectral overlap, and permits the sequential
assignment of short- and medium-range correlations. Many labelling combination have been
developed over the years, in order to improve the data quality, and to target specific structural
details. Both intra- and inter-molecular restraints are gathered prior to model calculations as
described below.

2.2.3 Restraint detection and identification

For “C/"N based restraint identification several labelling and monomer-interaction
combinations can be useful (Fig.3): (i) mix between *C-labeled (or *C-""N) and natural-
abundance proteins for intra-molecular contacts [106] only (from 1:1 to 1:4 molar ratios)
(Fig.3A); (ii) mix between two different labelling schemes (usually contains 50% of U-"N
with either 50% of [U-">C]-glucose [108], [2-"°C]-, or [1,3-"°C,]-glucose [107] or glycerol
[109]) for inter-molecular contacts only (usually 1:1 molar ratio) (Fig.3B); (iii) [U-"C]-
glucose, [2-"°C]-, or [1,3-"°Cy]-glycerol residue labelling for all types of through-space
contact detection (Fig.3C), based on 2D and 3D spectroscopy [110, 111].

The specific 1:1 [1-°C]-glucose / [2-"*C]-glucose mix has been employed, for the
measurement of definite intermolecular long-range distances [110, 112]. Furthermore, using a
1:1 U-""N/U-"C mixed labelling scheme can reveal the amyloid fibril register, by comparing
a NCA experiment (usually displaying the backbone correlation '°"N/"’Ca of a residue) of a U-
BC-N sample and the one of the 1:1 U-""N/U-""C mix. Indeed, an in-register stacking will
show perfect overlap of the two experiments, and the *Co of a residue i will be in direct
contact with the backbone "N labelling of the same residue on the adjacent monomer, thus
showing the same '"N/"’Ca correlations as the one observed in a uniformly *C-""N labelled
sample. Generally, most long-range through-space correlations will appear on the [2-"C]-
glycerol and [1,3-°C;,]-glycerol samples, and the same labelling scheme diluted in natural-
abundance monomers (i.e. mixed prior to assembly) should suffice to discriminate inter- from
intra-molecular residue contacts (Fig.3); the applied molar ratio between labelled and
unlabelled monomers should reflect a compromise, to prevent both *C-"C inter-molecular
correlations and data with too low signal (e.g. having only ~50% of the sites '*C-labeled in
the amyloid fibrils will reduce the signal to noise ratio by ~4).

The C-"C correlations, displayed as peaks on the spectra, are usually considered as
four different types of contacts: (i) intra-residual *C-">C correlations, which account for ’C-
labeled sites of the same residue; (ii) short-range correlations, which comprise inter-residual
interactions (between a residue i and the residues i+1 and i+2) (also referred to as “sequential
correlations”); (iil)) medium-range correlations include the correlations from i+2 to i+4; (iv)
long-range *C-">C correlations contain i to >i+4 contacts, crucial for determining long-range
through-space restraints further used during structure calculations. Indeed, in optimal
conditions (e.g. high spectral resolution, high signal to noise ratios, no polymorphism, etc.) a
complete and thorough analysis of the SSNMR data should provide a list of *C-">C long-
range correlations subdivided into four groups: unambiguous inter-molecular, ambiguous
inter-molecular, unambiguous intra-molecular, and ambiguous intra-molecular distances; both
the quantity and quality of restraints are to be considered. Figure 4 illustrates such data set
with the example of HET-s fibrils [43], in which reported distances involving T233 and 1231
are displayed.

Interestingly, the 3D structure model construction of amyloid fibrils often requires
hybrid approaches, which employ data acquired using other techniques, such as X-ray
diffraction to determine the cross-beta signature, or scanning transmission electron
microscopy (STEM), which give information about the mass-per-unit-lengths parameters [33,
45, 113, 114]. From such analysis, a data set, comprising knowledge about the molecular



atomic structure from SSNMR experiment and fibril morphology with STEM analysis, will
be the basis for the complex model calculation and energy minimization processes.

2.2.4 'H-detection for investigation of amyloid structures

'H detection boosts sensitivity and allows the direct observation of 'H-'H proximities. 'H-'H
proximities represent natural restraints for structure calculation, easy to interpret, and in
contrast to °C-"C interactions, are a direct indication of physical close contacts, especially
relevant across beta-strands or within hydrophobic patches.

The capabilities of 'H-detected techniques with respect to a full structure determination in the
solid state have been demonstrated in a number of microcrystalline systems [53-57, 115].
MAS rates in the 40-60 kHz range were employed, aided by extensive sample deuteration and
selective reintroduction of protons (see section 2.1), allowing a significant reduction in the
sample amount required, as well as faster spectral acquisition and unbiased automated data
analysis. The approach has recently been extended toward the determination of a membrane-
embedded target, in combination with °C-">C constraints [89, 91].

While no structure of an amyloid fiber has yet been determined solely from 'H-detected
SSNMR data, a growing number of studies has demonstrated the feasibility of these
techniques in this context. Notably, this approach considerably accelerates resonance
assignment, which represent the first but crucial phase of a NMR structure determination and
provides a quick evidence of the secondary structure adopted by the protein.

In a pioneering study, Reif and coworkers demonstrated high-resolution 'H-detected spectra
for Alzheimer disease f-amyloid peptide AP (1-40), using 20 kHz MAS and a deuterated
sample back-reprotonated at the amide sites at 25-50% [87]. There, 2D-'"H,"°N fingerprint
correlation spectra were used as a clear and rapid readout of sample homogeneity, enabling
the optimization of fiber preparation through multiple seeding cycles. Recently, Meier and
coworkers showed that 'Ha,'’N.">Ca inter-residue correlations can be used to transfer
available °C and "°N assignments to a-protons in a partially (above 75%) deuterated sample
of HET-s(218-289) at 60 kHz MAS [96].

The use of MAS rates beyond 100 kHz allows to extend the approach and removes the
requirement of proton dilution by deuteration, opening the way to the sensitive detection of
amide and aliphatic protons in fully protonated proteins. In particular, a set of experiment was
proposed for sequence-specific backbone and aliphatic side-chain resonance assignments and
demonstrated on HET-s(218-289) fibrils. Only 500 ug of sample and few days of data
acquisition were used in this study [51]. Overall, this opens the perspective of determining
tertiary and quaternary structures of amyloids by directly probing side-chain-to-side-chain
and/or backbone-to-side-chain 'H-'H proximities [58].

2.3 Structure calculation

Despite their topological peculiarities, high-resolution 3D structures of amyloid fibrils can be
determined from SSNMR data using the same general procedure as for solution NMR, i.e.: (i)
conversion of assigned NMR observables into structurally meaningful restraints, (ii)
calculation of hundreds of conformers by restrained molecular-dynamics simulation and (iii)
selection of best fitting conformers as final structure bundle.

2.3.1 Restraints collection

Detected cross-peak signals in relevant hetero- or homo-nuclear spectra are first converted
into restraints restricting the distance between the different assigned nuclei. In solid-state
NMR studies, distance restraints often take the form of an upper-bound distance that can be
either estimated from peak intensity and known reference distances or from L-shape curves



obtained from multiple structure calculation trials with increasing upper-limits [116]. It is
worth noting that the success of structure calculation strongly relies on a critical number of
long-range (between residues separated by more than 5 residues in sequence) and inter-
molecular restraints (between different subunits).

The restraint set for structure calculation can be supplemented by dihedral angle restraints on
¢/ backbone angles, predicted from backbone secondary chemical shifts using tools like
TALOS+ [117]. Additionally, the stacking of subunits can be maintained during structure
calculation with backbone hydrogen-bond restraints between paired strands in neighboring
subunits stacked along the fibril axis. These restraints typically impose upper limit distances
between donor (N) and acceptor (O), and amide hydrogen (HN) and acceptor of 3.0 A and 2.0
A, respectively. When the hydrogen-bonding pattern (parallel/anti-parallel, register) is not
unambiguously established, multiple structural calculation with various hydrogen-bonding
possibilities can be tested in parallel and the most favorable solution (lowest target function or
smallest number of restraint violations) selected for analysis [45, 118]. On the basis on the
collected restraints, several conformers (usually hundreds) are then calculated using dedicated
software, such as CYANA [119], UNIO [120], ARIA [121], XPLOR-NIH [122] or Rosetta
[123] that perform restrained molecular modeling.

2.3.2 Particularities of amyloid fibrils

Since amyloid fibrils are assemblies of repeated monomeric subunits arranged in stacked
layers (protofibril), it is necessary to model them as such by including multiple copies of the
subunits (3 to 5 layers along the fibril axis). If mass-per-length measurements or other
approaches provide evidences for the presence of multiple subunits in a single layer [47, 77,
118, 124], interfacial contacts between protofibrils must be also explicitly modeled by
incorporating the required number of subunit copies per layer. Amyloid fibrils are quasi-one-
dimensional system, where a homogenous core region give rise to a single set of resonances,
indicating that all subunits are in the same molecular conformations and organized in a
symmetric manner. During structure calculation, this symmetry must be enforced through the
application of three symmetry terms (Fig.5): (i) identity restraints that minimize either atomic
root mean square deviation (RMSD) using non-crystallographic symmetry restraints (NCS)
[125] or torsion angles difference between all subunits [126], (ii) axial stacking restraints
minimizing intermolecular distance differences between equivalent pairs of atoms (typically
Ca) in neighboring subunits [125] and (iii) interfacial symmetry maintaining the proper
rotational symmetric with the same principle of axial stacking (distance difference) but
between subunit in the same layer. Ideally, symmetry of fibrils can be entirely described by
the atomic coordinates of a single subunit and appropriate symmetry operators to reconstruct
the structure of the neighbors. While such an approach has been successfully applied with
ARIA for structure determination of helical fibers by SSNMR [127], its extension to amyloid
fibrils remains challenging since the required symmetry information (mainly the rotational
twist between neighboring subunits around the fibrils axis) are difficult to obtain with
sufficient accuracy.

2.3.3 Manual structure calculation

Direct application of automated NMR cross-peak assignment and structure calculation tools
used routinely for solution NMR data is pragmatically limited for amyloid fibrils due to not
only the lower spectral resolution of SSNMR but also the difficulty to disentangle intra- and
inter-molecular restraints, the latter potentially originating from axial (along the fibril axis) or
lateral (between protofibrils) contacts. It is thus common practice to first perform structure
calculation using solely SSNMR restraints that could be assigned unambiguously or with very
limited spectra ambiguity that can be identified manually by a trained operator (ca. few



dozens of long-range and a handful of inter-molecular restraints at least). Such manual
structure calculation (Fig.5) generally determines an initial fold with reasonable precision
that will serve to identified new compatible restraints for additional rounds of manual
calculation. At this stage, it is important to carefully replicate restraints for all equivalent
subunits to respect the symmetric nature of the fibrils.

2.3.4 Automated structure calculation

Alternatively, one can proceed with automated structure calculation (Fig.5) using all
remaining cross-peaks for which unambiguous assignment cannot be safely obtained
manually. For instance, the CYANA software can assist in automatically collecting
assignment possibilities by matching cross-peaks positions with the list of assigned chemical
shifts according to user defined tolerance windows. These tolerances for assignment of cross-
signals should be reflective of the linewidth in the different dimensions of the originating
spectrum. CYANA then carries out an iterative protocol by alternating calculation of
conformer bundles and selection of the most probable assignments compatible with the
structures, hence reducing human bias in assigning cross-peaks. As a consequence of the
increased number of restraints used, more precise structure bundled are obtained (bundle
RMSD for backbone < 1 &). The reliability of the automated calculation should be assessed
by monitoring the bundle RMSD in early cycles of calculation (RMSD for backbone < 3 i)
and the number of discarded restraints, especially long-range; restraint violations in the final
bundle should be as low as possible.

Finally, structure of amyloid fibrils should be validated with standard validation tools such as
PROCHECK [128] or MolProbity [129] prior to deposition in the Protein Data Bank [130].
Examples of amyloid fibrils structures determined by SSNMR are shown in Figure 2.

3. Challenges and outlook

Solid-state NMR spectroscopy plays an important role throughout the challenging task of
understanding the functional mechanisms of amyloid proteins, the molecular basis of
misfolding events, and protein aggregation in general [32, 131]. Essential improvements
achieved in SSNMR instrumentation (e.g. ultra-fast MAS NMR probes, pulse sequences),
dedicated NMR-based structure calculation software development, protein sample preparation
techniques, and isotope labelling-schemes have led to breakthroughs and advancements in
many structural inquiries in the field of amyloid proteins, and other types of supramolecular
assemblies. Focus is now on further applications, technological developments and progress of
the technique to speed up the structural studies on amyloid proteins by SSNMR since the
number of known pathological and non-pathological amyloid fibrils continuously increases,
and the specific and accurate roles of amyloid fibrils in many biological processes still
remains elusive.

Protein aggregation is implicated in many misfolding diseases including Alzheimer's disease
and type-2 diabetes. Recent studies have shown that the aggregation process is toxic to cells
but the end product fibrils need not be the most-toxic species [132, 133]. Nevertheless, such
extensive structural characterization of amyloid proteins in their assembled state could be the
key to unravel the molecular mechanisms at the atomic level in diseases and in cellular
processes, and to consequently develop drugs/chemicals specifically targeting the amyloid
proteins. Furthermore, SSNMR applications increasingly target not only the end products, i.e.
mature fibrils, but also the on- and off-pathway formed oligomers or “protofibers”. The
potential of SSNMR to characterize also these smaller and often less stables protein
complexes is rapidly evolving [132-145], and might benefit even more to drug conception.
Finally, atomic-level structural studies of amyloid fibrils also provide valuable insights for
designing self-assembling biomaterials.



Although the majority of the structural investigations discussed in the present review rely on
BC-detected methods, 'H-detection schemes have recently attracted growing attention due to
a leap forward in the MAS instrumentation. 'H-detected approaches based on >100 kHz MAS
enable nowadays a boost in sensitivity through the full exploitation of the 'H high
gyromagnetic ratio and high abundance in fully-protonated samples. It remains to be
demonstrated how 'H-detection can impact more generally on amyloid structural studies
because amyloids are frequently prone to slight structural variations inflicting structural
inhomogeneity and/or polymorphism and therefore heterogeneous line-broadening, which
might be more limiting to the resolution in the 'H-dimension than it is in '>C. However, the
advances in 'H-detection methodology have drastically enhanced the efficacy of SSNMR in
protein structural studies [51, 58, 97, 98, 146], and are now expected to pave the way for
further remarkable amyloid structural and dynamic investigations.
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Fig.1: Structural features of amyloid fibrils.

A General morphology and monomer stacking of an amyloid fibril with HET-s fibrils [43] here used as an
illustration with a singular two-layer B-solenoid amyloid fold; B representation of the so-called cross-p
quaternary structure in which B-sheets are stacked along the fibril axis with a 4.7 A spacing distance as inter-
strand interactions, and 10 A as inter-sheet contacts ; C schematic representation of a typical X-ray diffraction
pattern, highly representative of the mentioned structural aspects associated with amyloid proteins.




PDB Protein Organism Length Production RMSD*' Authors*’ Year*’
5W3N RNA-binding H. Sapiens 241 R 0.99A/... Murray, D., 2017
protein FUS et. al. [147]
5UGK | Catalytic zinc- Synthetic 7 C 0.22A/0.31A | Lee, M., et 2017
binding amyloid al. [148]
5KK3 AB-42 H. Sapiens 42 R 0.67A/0.71A | Colvin, M. 2016
T., etal. [46]
2NAO AB-42 H. Sapiens 42 R 0.71A/0.89A | Walti, M. A., | 2016
et al. [45]
2NOA a-synuclein H. Sapiens 140 R ...11.5A Tuttle, M.D., 2016
et al. [44]
2N1E MAX1 Synthetic 21 C 0.37A/2.08A | Nagy-Smith, | 2015
K., etal.
[149]
2MXU AB-42 H. Sapiens 42 C 1.03A/1.08A | Xiao, Y., et | 2015
al.
[76]
2MPZ | AB-40 mutant H. Sapiens 26 C 2.26A/1.2A | Sgourakis, 2015
D23N lowa N. G, et al.
[77]
2MVX | AB-40 mutant H. Sapiens 39 R 0.53A/0.8A | Schutz, A. 2014
Osaka K., etal.
[118]
2M4J AB-40 H. Sapiens 40 C,R 1.19A/1.8A | Lu, J. X, et | 2013
al. [47]
2M5N | TTR(105-115) H. Sapiens 11 C 0.2A/... Fitzpatrick, 2013
A.W.P, et
al. [124]
2LNQ | AB-40 mutant H. Sapiens 40 C 0.81A/0.86A | Qiang. W., 2012
D23N et al. [78]
2LMN AB-40 H. Sapiens 40 C 1.51A/... | Tycko, R, et | 2011
2-f symmetry al. [49]
positive stagger
2LMO AB-40 H. Sapiens 40 C 1.36A/... Tycko, R., et 2011
2-f symmetry al. [49]
negative stagger
2LMP AB-40 H. Sapiens 40 C 1.36A/2.03A | Tycko, R., et | 2011
3-f symmetry al. [49]
positive stagger
2LMQ AB-40 H. Sapiens 40 C 1.55A/2.03A | Tycko, R., et | 2011
3-f symmetry al. [49]
negative stagger
2LBU | HET-s amyloid P. anserina 79 R 0.27A/0.55A | Schutz, A. 2011
with Congo red K., etal.
[150]
2KJ3 | HET-s(218-289) | P. anserina 79 R 0.68A/0.64A Van 2009
Melckebeke,
H., et al.
[116]
2KIB | hIAPP(23-29) Synthetic 7 C 0.52A/0.52A | Nielsen, J. 2009
T., etal
Isen [151]
2RNM | HET-s(218-289) P. anserina 79 R 0.72A/0.63A | Wasmer, C., | 2008
et al. [43]
2E8D B-2- H. Sapiens 22 C,R 1.14A/1.43A | Fujiwara, T. | 2007
microglobulin [152]
2NNT | Transcription H. Sapiens 40 C 0.27A/1.23A | Ferguson, 2006
elongation N., et al.
regulator 1 [79]
(Human CA150)
1RVS | TTR(105-115) R. novegicus 11 C ... 10.69A Jaroniec, C. 2004
P., etal

[153]




Table 1: List of all 23 entries in the PDB corresponding to amyloid proteins analysed using SSNMR.
*! Two RMSD values are displayed depending on the source: pdb/publication. «
associated values could not be found.

*2 Both indicated year and authors are related to the PDB deposition (could differ from associated paper
publication).

...” is displayed whenever



Fig.2: Selection of amyloid fibrils atomic structures determined by solid-state NMR.

A HET-s(218-289) prion fibrils, automated calculation with CYANA (PDB 2KJ3) [116]; B A4 fibrils in
Alzheimer’s disease brain tissue, manual calculation with XPLOR-NIH (PDB 2M4J) [47]; C A4 D23N
"lowa" mutant fibrils, manual calculation with Rosetta (PDB 2MPZ) [77]; D AP;40 E22A "Osaka" mutant
fibrils, automated calculation with CYANA (PDB 2MVX) [118]; E Human o-synuclein fibrils, manual
calculation with XPLOR-NIH (PDB 2NO0OA) [44]. Figure was generated with the PyYMOL Molecular Graphics
System (Schrodinger, LLC).



PDB Protein Prod. Extrac./ Assembly*® Labelling  Pub.**  Year
+ Purif.*?
5W3N | RNA-binding R To be published To be published To be published | Murray, D., 2017
protein FUS T., et. al.
[147]
5UGK | Catalytic zinc- | C -Designed -Excess of zinc (~1.5- | -10 derivatives Lee, M., et 2017
binding sequence fold) of ILV labelling | al. [148]
amyloid -Fmoc-protection -pH 8 Tris buffer with | -Scattered
-Solid-phase or without ZnCI2, with | labelling
synthesis or without urea
-HPLC purification -RT
5KK3 | AB-42 R -Inclusion-body -pH 8, 20 mM sodium | -U-"*C-"N Colvin, M. 2016
extraction in 8M phosphate, 0.2 mM -1,6-"°Co- T., et al. [46]
urea EDTA, 0.02% NaN3 glucose
-lon-exchange -10-50 uM -U-"C-"*N/
chromatography in | (0.05-0.25 mg/mL) N.A*® (3:7)
batch-mode -RT, overnight -3-"3C-glycerol)
-Two size exclusion /U-"N (1:1)
chromatography -2-'3C-glycerol /
steps 1,3-"°C,-
glycerol (1:1)
2NAO | AB-42 R -(NANP)¢-tagged -Dissolved in 10 mM | -U-"C-"N Walti, M. 2016
(fusion protein) NaOH -U-"N/U-"C | A etal
-Inclusion bodies -Sonication (1:1) [45]
extraction with 6M | -Ultra-centrifuged at -U-"C-""N/NA
guanidinium 126 000 g (1:3)
chloride (GdmClI) -Phosphate buffer
-Affinity added, up to 100 mM,
chromatography pH7.4
-RP-HPLC -30/150 uM
-TEV protease -37°C, with shaking
cleavage -Seeding performed
-Lyophilisation for three generations,
with 10% of seeds
each time
2NOA | a-synuclein R -Hydrophobic - Sodium phosphate -U-"*C-"*N Tuttle, M.D., | 2016
interaction buffer (50 mM, pH -1,3-°Co- etal. [44]
chromatography 7.4) with 0.1 mM glycerol-"°N
-Size exclusion EDTA, and 0.02% -2-"°C-glycerol-
chromatography azide (W/V) N
-15 mg/mL -U-"C-"N/N.A
-37°C with shaking at | (1:3)
200rpm for 3 weeks -1,3-"°C,-
glycerol / U-"°N
(1:1)
-2-'*C-glycerol /
U-"°N (1:1)
2N1E | MAX1 c -Solid-phase -pH 9, 250 mM bis- -Scattered Nagy-Smith, | 2015
synthesis Tris propane buffer, labelling K., etal.
-Fmoc protection/ | 20 mM NaCl -Either "°C- [149]
HCTU activation -RT for 2h single-site, on 1
-RP-HPLC or 2 residues
purification -Or U-*C-"N
-Lyophilisation on3to5
residues at the
same time
-11 samples in
total
2MXU | AB-42 C -Solid-phase -pH 7.4, 10 mM - Scattered Xiao, Y., et 2015
synthesis phosphate buffer labelling al. [76]
-Fmoc protection/ | -60 pM -U-"*C-"N
HCTU activation -Sonication cycles residue-specific
-RP-HPLC (with 10% w/w seeds | labelling
purification each time) until 4" -17 samples in
generation total
-RT, one-week -Including U-
incubation 8C-"N/N.A.
(1:1)
2MPZ | AB D23N C -Solid-phase -pH 7.4, 10 mM -8 samples in Sgourakis, 2015
lowa mutation synthesis phosphate buffer, total N. G., et al.




-Fmoc protection 0.01% NaN3 - U-®C-"N [77]
-HPLC purification -100 uM scattered
-Lyophilisation -4°C, one-week labelling
incubation (residue-
-Seeds prepared with | specific)
10% sonicated (1%
generation)
-Incubation for 4h at
4°C, cycles until 8"
generation
2MVX | AB Osaka R -Inclusion bodies -pH 7.4, 10 mM -U-®"N/U-"C Schutz, A. 2014
mutation extraction with 6M NaH2P0O4-NaOH, (1:1) K., etal.
guanidinium 100 mM NaCl -U-"C-"*N/ [118]
chloride (GdmCl) - 60 uM N.A. (1:4)
-Affinity -87 °C, magnetic -U-"C-"*N
chromatography stirring at 700 rpm, 80 | -U-'°C
(RP-HPLC) min -*N-2-'°C-
-TEV protease glucose
cleavage
2M4J | AB-40 C/R Both chemical or -pH 7.4, 10 mM -U-"C-"N Lu, J. X., et | 2013
recombinant phosphate buffer -U-"*C-"*N al. [47]
production for A -Grown at 24°C with scattering
peptides 5 mg/mL brain -Selectively "°C-
extract, and 100 uM labeled sites
peptide
2M5N | TTR(105-115) | C -Solid-phase -pH 2, 10% v/iv -2 scattered U- Fitzpatrick, 2013
chemical methods | acetonitrile / H20 °C-"*N A W. P, et
-HPLC purification -15 mg/mL samples al. [124]
-37°C, two days, then | -1 sample with
RT, 14 days '3C-labeling at
one site and
'*N-labelling at
another
2LNQ | AB-40D23N | C -Solid-phase -pH 7.4, 10 mM -U-"C-"N Qiang. W., et | 2012
mutation methods sodium phosphate, labelling for al. [78]
-Fmoc chemistry 0.01% NaN3 certain residues
-RP-HPLC -100 pM (residue-
purification -1st generation seeds | specific
after 7 days at 6°C, scattering)
then sonication -5 samples in
cycles of 3 h total
incubation periods at
6 °C until 8"
generation
2LMN | 2fold c -Solid-phase -pH 7.4, 10 mM -U-"C-"N Tycko, R., et | 2011
symmetry AB- methods sodium phosphate, (residue- al. [49]
40 positive -FMOC-chemistry / | 0.01% azide specific
stagger HBTU activation -210 uM scattering)
-HPLC purification | -Sonication/filtration -*C-labeled
-Lyophilisation cycles (with 10% sites
seeds each time) until | -'°N-labeled
12" generation residues
-15 samples in
total
2LMO | 2fold * * * Tycko, R., et | 2011
symmetry A- al. [49]
40 negative
stagger
2LMP | 3fold e * * Tycko, R., et | 2011
symmetry AB- al. [49]
40 positive
stagger
2LMQ | 3fold C * * * Tycko, R., et | 2011
symmetry A- al. [49]
40 negative
stagger
2LBU | HET-s R (Same as Wasmer | -Increase pH to 7.5 -U-"C-"N Schutz, A. 2011
amyloid et. al. 2008) by adding Tris pH8 -Natural K., etal.
bound to -Inclusion body -25°C incubation abundance [150]
Congo red extraction in 6 M -U-’H-"C-"*N

Gu-HClI
-His-affinity
chromatography




-Desalting in acetic
acid

2KJ3 | HET-s(218- R -Inclusion body -Addition of Tris pH8 | -2-"C-glycerol / | Van 2009
289) extractionin 7.5 M topH7.5 N.A. (1:2.5) Melckebeke,
Gu-HCl -25°C incubation -1,3-°Co- H., etal.
-Ni-affinity column glycerol / N.A. [116]
-Buffer exchange to (1:2.5)
acetic acid -U-"C-""N/NA
(1:2.5)
-U-"°C / U-"°N
(1:1)
-2-"°C-glycerol
_U_1SC_15N
2KIB | hlAPP(23-29) | C -Solid-phase -pH 7.2, 50 mM -U-"C-"N Nielsen, J. 2009
synthesis HEPES -Single sample T., etal
-Fmoc-protection [151]
-HPLC purification
2RNM | HET-s(218- R (Same as Wasmer | -pHincreasedto 7.5 | -1,3-"°C,- Wasmer, C., | 2008
289) et. al. 2008) by adding Tris pH 8 labeled glycerol | et al. [43]
-Inclusion body -25°C incubation -2-3C-labeled
extraction in 6M glycerol
Gu-HClI -U-"°C-"*N
-His-affinity -2-3C—labelled
chromatography /N.A. (1:3)
-Desalting in acetic
acid
2E8D | B-2- R/IC Full-Length: -20% (v/v) TFE, 10 -U-"C-"N Fujiwara, T. | 2007
microglobulin -Inclusion body mM HCI, 1 mM NaCl | - U-"*C-"*N/ [152]
extraction with 8 M -100 pM N.A. (1:2)
urea in Tris-HCI pH | -25°C, one day
8
-RP-HPLC
-Dialysis/Size-
exclusion with NaCl
gradient
K3 peptide:
-Digestion of B-2-m
with lysyl-
endopeptidase /
Fmoc-solid-phase
methods
2NNT | Transcription | C -Solid-phase -pH 7, 10mM sodium | -U-"C-"N Ferguson, 2006
elongation methods phosphate, 0.02% -2-"°C- glycerol- | N., et al. [79]
regulator 1 -Fmoc-protection azide "N
gi:;gaor)w -Gel filtration -Sonication/filtration -1,3-°C,-
-Reversed-phase in water bath glycerol-"°N
chromatography -100 pM -U-’H-"°C-"°N
-Lyophilisation (water-
exchanged)
1RVS | TTR(105-115) | C -Solid-phase -pH 2, 10% -Scattering U- Jaroniec, C. 2004
methods acetonitrile / water 3C-®N P., etal.
-HPLC purification solution labelling, with 3 | [153]
-15 mg/mL consecutive
-37°C, two days, then | stretches of
RT, 14 days four residues

from position
105to 115
-3 samples in
total

Table 2: Overview of all production/assembly/labelling strategies for all 23 amyloid proteins analysed
using SSNMR found on the PDB (listed in Table 1)
*! Production

*2 Extraction / Purification

*3 Following assembly the sample is each time pelleted, washed several times and packed into a SSNMR rotor.

** Related publication

*>N.A. = proteins at natural abundance




A Intra-molecular | B Inter-molecular C Inter- and
contacts contacts intra-molecular contacts

1:1 U-*C/N.A. 1:1 U-*C/U-"*N U-13C

i
=

1:1 2-3C-glycerol/N.A. | 1:1 2-'3C-glycerol/U-"°N 2-13C-glycerol
. N.A.
. N. A.

1:1 1,3-*C,-glycerol/N.A.| 1:1 1,3-3C.-glycerol/U-"*N 1,3-°C,-glycerol

-
& E

2-13C-gly

2-3C-gly]
2-9C-gl]

Fig.3: Labelling schemes utilized for amyloid structure determination using SSNMR.

(NB: * is added when "*N-labelling can be added if '*N-detected SSNMR experiments are required)

A any mix between *C-labelled and unlabelled (natural abundance, N.A.) proteins will distinctly prevent inter-
monomer C-"C correlations, thus allowing the unambiguous discrimination between inter- and intra-molecular
interactions; B any mix between *C-labelled and '*N-labelled proteins is extremely helpful in determining the
fibril stacking registry (i.e. in or out); C both inter- and intra-monomer interactions can be detected, while

specific C-glycerol derivatives allow spin dilution.
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Fig.4: Illustration of long range through-space distance determination, based on HET-s(218-289)
amyloid core [43].

A 2D-"C-"C PDSD spectrum (50ms mixing time) of HET-s(218-289) uniformly labelled ('*C/"*N) recorded on
a 800MHz spectrometer (proton frequency). B Excerpts of the PDSD spectrum shown in A, displaying only
threonine correlations. T233 resonances are highlighted with dashes (Ca, CB, Cy2). Reported distances
regarding T233 are displayed with yellow dots and illustrated on the HET-s(218-289) structure (PDB ID:
2RNM). C Excerpts of the PDSD spectrum shown in A, (ppm window: 10-17.5). 1231 resonances are
highlighted with dashes (Ca, Cp, Cy1, Cy2, Cd). Reported distances regarding 1231 are displayed with blue dots
and illustrated in HET-s(218-389) structure (PDB ID: 2RNM). For clarity purposes, overlapping peaks were
disregarded. D HET-s structure [43], as shown in B-C, from a lateral point of view. All mentioned distances
were determined based on either PDSD long-mixing time experiments (with [2-"C]- or [1,3-"C,]-glycerol
labelling schemes), or CHHC spectra (with a fully labelled HET-s amyloid core sample).
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Fig.5: General procedure for 3D structure calculation of amyloid fibrils structures from ssNMR.

First, distance restraints derived from unambiguously assigned cross-peaks or peaks with low spectral ambiguity
are used for structural calculation to established the initial fold of the fibrils (Manual calculation). Next, the
restraint set is supplemented with all identified cross-peaks (generally with high spectral ambiguity) that will be
assigned automatically and yielding a high precision bundle of conformers as the final structure (dutomated
calculation). Owing to the highly-ordered nature of amyloid fibrils, symmetry restraints are employed to ensure
a symmetric arrangement of subunits during calculation (identity restraints, axial stacking and interfacial
symmetry, if applicable). Additionally, backbone dihedral angle restraints, derived for secondary chemical shifts,
and distance restraints enforcing hydrogen-bonds are implemented in order to impose a regular conformation and
proper stacking of stands.



