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Abstract 

With amyloid diseases poised to become a major health burden in countries with 

ageing populations, diagnostic molecules that aid the detection of amyloid in vitro 

and in vivo are of considerable clinical value. Understanding how such ligands 

recognize their amyloid targets would help to design diagnostics that target specific 

amyloid types associated with a particular disease, but methods to provide 

comprehensive information are underdeveloped. Here solid-state NMR is used to 

determine the molecular orientation of the amyloid diagnostic 1-fluoro-2,5-bis[(E)-3-

carboxy-4-hydroxystyryl]-benzene (FSB) when bound to fibrils of the Alzheimer’s 

amyloid- polypeptide aligned on a planar substrate. The 19F NMR spectrum of the 

aligned complex reveals that FSB is oriented approximately parallel with the fibril 

long axis and bridges four hydrogen-bonded -sheets. In addition to providing atomic 

details to aid the design of amyloid-specific diagnostics, this approach will also 

illuminate the molecular mechanisms of accessory molecules in amyloid disease.   
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The sporadic deposition of insoluble, fibrillar protein-rich deposits within extracellular 

spaces is associated with several disorders afflicting humans in later life,1 the 

archetype being the amyloid- (A polypeptides associated with Alzheimer’s 

disease.2 The atomic details of how proteins self-assemble into amyloid fibrils -  

central to our mechanistic understanding of amyloid disease - have been revealed by 

advances in solid-state NMR (SSNMR)3-8 and cryo-electron microscopy methods9 

and complete atomic-level models of fibril architectures are now available.5, 10-11 To 

gain a broader understanding of amyloid disorders it is also important to elucidate 

how biological molecules known to promote fibril formation in vivo 12 and diagnostic 

molecules that detect the formation of amyloid in vivo and in vitro 13 recognize and 

bind to the generic amyloid cross- motif. Structural insights into ligand binding 

would cast light on their role in the assembly mechanism and open the door to the 

tailored design of diagnostics that recognize amyloid from different protein 

precursors.  Atomic details of amyloid-ligand complexes are scant, however, owing 

to a shortage of high-resolution methods that can determine both the interaction sites 

and the orientation of ligands within fibrils.  Here we demonstrate an approach that 

exploits SSNMR of macroscopically-aligned fibrils of the 40-amino acid amyloid- 

peptide (A40) to determine the orientation of a bound diagnostic ligand. When 

combined with other experimentally-determined restraints, a comprehensive picture 

of the amyloid-ligand complex is revealed. 

Magic-angle spinning (MAS) SSNMR has provided the few available atomic 

details of amyloid-ligand complexes, such as the binding sites for heparin within 

A40 fibrils14-15 and the amyloid dye Congo red within the functional prion HET-

s(218-289) amyloid.16 Perturbations of protein chemical shifts or dipolar-driven 
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polarization transfer between protein and ligand nuclear spins identify the amino acid 

residues flanking the ligand binding site(s).14, 16-17 but do not report on how the ligand 

aligns on the fibril surface.  Ligands may, for example, insert laterally between 

hydrogen-bonded -strands, or longitudinally stabilized by side-chain ladders running 

parallel with the fibril axis (Figure S1, supporting information).    

 

Figure 1. Binding of FSB to [U-15N,13C]A40 fibrils prepared homogeneously in the 
3Q morphology18-19 (a) Chemical structure of FSB. (b) Fluorescence emission 
spectrum (with excitation at 360 nm) of FSB in the absence and presence of A40 
fibrils. (c) Concentration-dependence of FSB binding to fibrils (45 M A40 monomer 
equivalent). (d) Detection of close contacts between A40 residues in [U-
15N,13C]A40 fibrils and 19F of bound FSB using 13C{19F}REDOR SSNMR.  Top: 
region of a full-echo spectrum (black) obtained without 19F dephasing and a 
difference spectrum (, with 10-fold vertical expansion) after subtracting a dephased-
echo spectrum obtained with a train of 21  pulses at the 19F frequency.  The full 
REDOR spectra are shown in Figure S3. Bottom: a 13C-13C spectrum of fibrils 
(obtained with 20 ms DARR mixing), with labelled peaks assigned as described 
previously.4, 15    
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We reasoned that a ligand’s binding orientation can be determined by NMR if the 

insoluble fibrils are aligned in the applied magnetic field.  A40 fibrils have been 

partially aligned on planar substrates enabling SSNMR measurements of nuclear 

spin tensor orientations to refine pre-defined structural models.20 The high length-to-

width ratio of amyloid fibrils favors an anisotropic distribution of orientations in which 

most fibrils lie in the substrate plane.  

We tested the theory with the fluorescent amyloid diagnostic ligand 1-fluoro-2,5-

bis[(E)-3-carboxy-4-hydroxystyryl]-benzene21-22 (FSB, Figure 1a), which undergoes a 

large fluorescence enhancement in the presence of amyloid (Figure 1b). The large 

chemical shift anisotropy (CSA) of 19F is a sensitive intrinsic reporter on the 

molecular orientation of the planar conjugated ring system. Fibrils of uniformly 15N, 

13C-labeled A40 bound FSB with an association constant Ka of 9.8 M and 

A40:FSB stoichiometry of approximately 2:1 at saturation (Figure 1c and Figure S2, 

a-c). The insoluble fibrils retained strong fluorescence when viewed under a UV lamp 

(Figure S2d), confirming co-localization of the fibrils and FSB. An intimate contact 

between FSB and the fibrils was confirmed by a 13C-observed {19F-dephased} 

rotational-echo double-resonance (REDOR) MAS SSNMR experiment on a 1:2 

complex of FSB with [U-15N,13C]A40 fibrils (Figure 1d, top).   The most prominent 

peaks in the 13C{19F}REDOR difference spectrum, which correspond to 13C sites 

estimated to be < 6 Å from 19F of FSB (Figure 1d and Figure S2d), are assigned with 

reference to a 2D 13C-13C NMR spectrum (Figure 1d). These sites include Val (C 

and C/’), Ile (C’/), Leu (C/’) and Ala (C) (Figure 1d, bottom). That selective 

dephasing is observed in the difference spectrum suggests that FSB occupies 

specific sites rather than decorating the fibril surface non-specifically.   
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Figure 2. NMR detects the macroscopic alignment of [U-15N,13C]A40 fibrils on glass 
cover slips. B0 is normal to the plane of the glass surface. (a) When deposited on the 
planar surface, fibrils (green cartoon) may assume preferred orientations in which 
the backbone N-H – O=C hydrogen bonds (approximately parallel with the fibril long 
axis) are oriented at a mean angle  +/- angle  in a Gaussian distribution about the 
mean. For unoriented fibrils, angle  takes all values from 0-360°. (b) 1H-15N PISEMA 
spectrum of unoriented hydrated fibrils (black) overlaid with a simulated spectrum 
(red) for typical backbone 15N chemical shift tensor elements of 11 = 223 ppm, 22 = 
75 ppm and 33 = 55 ppm. (c) PISEMA spectrum of fibrils deposited on cover slips 
overlaid with a simulated spectrum (red) for angles  = 0 +/- 5°.   

The FSB-[U-15N,13C]A40 fibril complex was next deposited on a planar 

substrate of glass cover slips and 15N NMR was used to confirm the fibril alignment. 

The cover slips were stacked and inserted into an NMR probe-head with a fixed 

angle, rectangular-wound coil with the applied magnetic field B0 normal to the plane 

of the substrate.  Randomly-dispersed fibrils were also prepared (in a non-spinning 

MAS rotor) for comparison.  The 15N line shape reflects the degree of fibril alignment, 

represented by a distribution of fibril orientations on the substrate (or in the MAS 

rotor) about a mean tilt angle relative to B0 (Figure 2a). The fibrils were visualized 
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by 1H-15N PISEMA NMR, which correlates the anisotropic 15N chemical shift of the 

peptide backbone amides with the amide N-H dipolar coupling of the same amino 

acid residue for each molecular orientation. The spectrum of randomly-dispersed 

fibrils correlates a broad range of chemical shifts and dipolar couplings expected for 

a powder-like distribution of crystallites (Figure 2b). The spectrum of fibrils on the 

cover slips is much narrower in both dimensions (Figure 2c) and consistent with a 

restricted ensemble of fibrils distributed about a tilt angle  of 85° +/- 5° (simulated 

spectra for fibrils oriented parallel and perpendicular to B0 are shown in Figure S4).   

 

Figure 3.  Simulations of 19F NMR spectra of FSB bound to aligned fibrils.  (a) The 
19F NMR line shape is dependent on the orientations of the principal axes of the 19F 
chemical shift tensor, 𝛿11, 𝛿22 and 𝛿33, relative to the fibril axis (approximately parallel 
with the backbone N-H bonds), defined by angles CF and CF. The directions of 𝛿11, 𝛿22 and 𝛿33 in the FSB molecular frame (calculated and measured) give the 
orientation of FSB relative to the fibril axis. (b) Simulated proton-coupled 19F NMR 
spectra in which each of the principal axes is aligned along the fibril axis.  

We developed a theoretical framework to analyse the 19F NMR line shape and 

determine the orientation of FSB relative to the fibril axis in the aligned FSB-[U-

15N,13C]A40 complex (Figure 3, Supporting Information sections 1.6-1.8 and 
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Figures S5-S8). 19F NMR spectra were next obtained for the FSB-[U-15N,13C]A40 

complex. Proton-decoupled 19F spectra could be obtained on unoriented fibrils in a 

non-spinning MAS probe, but for the aligned fibrils 19F-observation with proton-

decoupling was not possible using the flat-coil probe.  The proton-decoupled 

spectrum from FSB bound to unoriented fibrils is typical of an axially asymmetric 19F 

CSA tensor (Figure 3a, top), and the principal values measured by line fitting to the 

spectrum (Table S1) were used in the subsequent simulations.  The proton-coupled 

spectrum of the same sample was compared with a simulated spectrum based on 

the measured principal values and the predicted dipolar couplings from the optimised 

geometry, with no line fitting (Figure 3a, middle).  The good agreement between the 

experimental and simulated line shapes indicates that the predicted couplings and 

geometry of the dipolar vectors are represented accurately in the calculations.  

Finally, the proton-coupled 19F NMR spectrum of the oriented FSB-[U-15N,13C]A40 

complex was obtained (Figure 3a, bottom). The spectrum is narrower than that of the 

unaligned samples and so consistent with restricted orientations of the FSB ligand.   

Comparison of the spectrum with simulated spectra for combinations of [CF, 

CF] values from 0 – 180° yielded a two-dimensional array of 2 values representing 

the variance of the experimental and simulated spectra (Figure S8). The closest 

agreement is found for [-15° ≤ CF ≤ 30°] and either [60° ≤ CF ≤ 75°] or [115° ≤ CF ≤ 

130°]; a representative simulated spectrum (for CF = 0°, CF = 115°) is overlaid with 

the experimental spectrum in Figure 4a (bottom; red).This range of angles is 

consistent with FSB molecules having an approximately longitudinal orientation 

relative to the fibril axis (Figure S1) and spanning 4 hydrogen  
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Figure 4. Orientation of FSB when bound to macroscopically aligned [U-15N,13C]A40 
fibrils. (a) Top: proton-decoupled 19F NMR spectrum of FSB bound to unoriented 
fibrils (in a non-spinning MAS rotor).  The best fitting powder line shape obtained by 
non-linear least squares analysis (red). Middle: Proton-coupled spectrum overlaid 
with a simulated line shape (red) corresponding to the principal values in Table 1 and 
the 1H-19F coupling constants and geometry for the 4-spin system of FSB. The 
simulation parameters were not optimised further. Bottom: proton-coupled spectrum 
of FSB bound to aligned fibrils. The line of best fit corresponds to the angles shown, 
which define the 19F CSA tensor orientation relative to the vector representing the 
fibril axis. (b) Orientation of FSB relative to the fibril axis determined experimentally 
(left) and by docking simulation (representative model). (c) Cross-sectional view of 
3Q fibril model (PDB 2LMP) showing FSB (blue) in the 10 lowest energy sites.   

bonded -strands. The lowest-energy docking simulations of FSB with a model of 

three-fold symmetric A40 fibrils (PDB 2LMP) concur with this orientation (Figure 

4b). A similar orientation has been proposed for thioflavin T, with the ligand binding 

along surface side-chain grooves running parallel to the fibril axis.13  FSB must 

occupy two longitudinal sites in order to account for the measured A40:FSB 

stoichiometry of 2:1. The 8 lowest-energy docking models suggest a primary binding 

site at the innermost face of the C-terminal -sheet, close to Ile, Val and Leu 

residues identified by REDOR NMR (Figures 4c and S9) and which form a 
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hydrophobic ladder to stabilise the ligand.  Several lower-energy models (e.g. 9 and 

10 in Figure 3c) may represent the secondary site.  

In summary, we demonstrate a direct NMR method for detecting the 

orientation of ligand molecules when bound to the surface of amyloid fibrils. 

Transferred Overhauser enhancements and residual dipolar couplings in solution 

have also been applied in this context,23-24 but these are  less suitable when ligands 

are bound tightly to insoluble fibrils. Our approach is applicable to other diagnostic 

amyloid-binding molecules such as PET ligands25 and can provide new insights into 

the binding properties of physiological ligands such as glycosaminoglycans, which 

bind tightly to amyloid. With appropriate isotope labelling of molecules with no 

intrinsic reporter nucleus, this method combined with other MAS SSNMR 

measurements,17 can provide much more detailed atomic models with which to guide 

the design of molecules targeting specific amyloid types. 
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