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Abstract

Using NMR to probe transient binding of Aβ1–40 monomers to fibers, we find partially bound 

conformations with the highest degree of interaction near F19-K28 and a lesser degree of 

interaction near the C-terminus (L34-G37). This represents a shift away from the KLVFFA 

recognition sequence (residues 16–21) currently used for inhibitor design.

Graphical Abstract

Monomer interactions with the surface of amyloid fibers can redirect the aggregation 

pathway, changing both the kinetics of the process and generating potentially toxic new 
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species. Small oligomers form rapidly in samples seeded with amyloid fibers, but slowly in 

their absence.1 Like the nature of the surface associated states, little is known experimentally 

about the process of either fiber elongation or secondary nucleation on the molecular level.2 

Experiments have proven particularly challenging due to the inherently heterogenous and 

evolving nature of the sample.3 In the absence of experimental data on the molecular level, 

molecular dynamics simulations have been used to explore the monomer-fiber binding 

landscape. The reported results suggest a rugged landscape for the fiber elongation4, 5 with 

both productive and non-productive binding modes.6–10

Many questions remain on the molecular determinants of the fiber-monomer interaction. 

Here, we take advantage of the broadening of NMR peaks due to exchange between 

unbound Aβ1–40 and fiber-associated monomers in a sample seeded with amyloid fibers to 

indirectly observe the docked state. The SOFAST-HMQC experiment offers a unique ability 

to monitor Aβ aggregation at atomic resolution without the time constraints typical of most 

2D NMR experiments,11 allowing the kinetic processes of fibril assembly to be monitored 

with residue specificity. As a control, we first measured the rate of monomer loss in 

unseeded solutions of Aβ1–40 through sequentially acquired 1H-15N SOFAST-HMQC 

spectra. In the absence of a fibril seed, the signal remained invariant over 15 hours, with a 

negligible change in either signal intensity (Fig. 1, black circles) or chemical shift. The 

absence of any significant changes indicates that freshly dissolved Aβ1–40 is, if not 

necessarily entirely monomeric in nature, at least conformationally stable under these 

conditions on the time-scale of our experiments and does not form new oligomers or 

aggregates to any detectable extent in the absence of fibers.12

To initiate fiber growth in the sample, we seeded the reaction with 5 mol% preformed fibers 

prepared by incubating a 150 μM Aβ1–40 sample for 48 hours at 37 °C with constant 

agitation. The final result of this process is the formation of short, straight and largely 

unbranched amyloid fibers as shown in the TEM image in Fig. 2B. Seeding the aggregation 

reaction with these fibers resulted in complex time-dependent changes in the 2D 1H-15N 

SOFAST HMQC spectra (Fig. S2), suggesting an underlying dynamic process that is not 

present in the absence of fibers. The evolution of the signal was dependent on the 

temperature of the sample. At both 10 and 25 °C there was a near uniform drop in intensity 

within the first scan (Fig. 1) which was larger in magnitude at 25 then 10 °C. After the first 

scan, the peaks from both samples continued to decrease in intensity. Unlike the initial drop, 

this decrease was not uniform throughout the peptide backbone. At both temperatures, the 

data show a distinct variation along the peptide backbone, which is initially slight but 

increases substantially as time progresses (Figs. 2, S3, and S4). At 10°C, the intensity of the 

peaks for first 15 residues remained constant during the initial drop (Figs. 2A and S3). By 

contrast, the intensity of the peaks corresponding to the central residues from K16 to K28 

continued to drop as the experiment progressed until they became nearly undetectable after 4 

hours. The C-terminal residues showed a periodic pattern with the peaks corresponding to 

the most hydrophobic residues (L34, V36, V39 and V40) strongly decreased in intensity and 

the relatively more hydrophilic residues (G33, M35, G38) showing little change. The time 

series at 25 °C replicates most of the features observed at 10 °C except the overall signal 

intensity decreases much more rapidly and the intensity changes are more uniform 
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throughout the peptide backbone. The rapid loss of signal at 25 °C confirms the fibers can 

form normally under these conditions but the process is slow at lower temperatures.

There are three possible explanations for the intensity changes. The most straightforward 

explanation is that the signal decrease simply represents the loss of monomeric peptide to a 

species that is unobservable on the solution NMR time scale. In general, large aggregates 

like amyloid fibers give rise to very broad signals that are not detectable in solution NMR 

experiments. The signal from these aggregates is only detectable if substantial local mobility 

at specific sites averages out the line-broadening interactions for those particular residues.13 

Such mobility does not exist in the fiber conformation, where most residues outside the N-

terminus are locked into a relatively rigid β-sheet conformation tightly packed against the 

fiber body. Fiber elongation is therefore expected to decrease the intensity uniformly 

throughout the peptide backbone as it represents the loss of the entire molecule.

The variation across the peptide backbone argues against this simple interpretation as being 

fully responsible for all the changes. In particular, the absence of any changes at the N-

terminus beyond the initial ~10% decrease in the first scan (Figs. 2A and S3) argues strongly 

against fiber elongation as major mechanism for signal loss at 10 °C, as these residues are 

expected to be broadened beyond detection along with the rest of the peptide backbone.14 

Other explanations must therefore be considered.

A second possibility is that the changes are the result of exchange effects from reversible 

binding to the fiber surface. Previous kinetic experiments have shown that the initial 

association of the Aβ1–40 monomer with fibers15 and other types of oligomers12, 16–18 is 

weak and reversible with exchange happening on the millisecond timescale. The influence of 

the fiber on the spectra is manifested indirectly through exchange processes between the 

unbound and bound forms. Depending on the timescale of exchange and chemical shift 

difference between the bound and unbound states, the peaks in the SOFAST-HMQC spectra 

will either broaden due to intermediate exchange or the peak position will shift due to fast 

exchange, with approximate exchange life time, τex, of ~1–10 ms or 1 μs-1 ms, respectively.

While such a mechanism can account for some of the observed changes, it does not account 

for all of them. Intriguingly, a new set of peaks reproducibly appears in the later stages of 

aggregation measured at 10 °C (Fig. 3 and S5). These peaks do not appear for those samples 

incubated without fiber seeds indicating their production is dependent on, or catalyzed by, 

the fiber surface. HPLC and mass spectroscopy confirmed that such peaks are not the result 

of impurities or peptide degradation (Fig. S6). Interestingly, the intensity buildups measured 

for three of the new peaks associated with residues G25, G33, and G37 nearly match the 

intensity decrease observed for the peaks corresponding to the unbound form of these 

residues (Figs. 3 and S7); a strong indication that these peaks are in slow exchange. No new 

peaks were observed at 25°C, likely due to an increase in the exchange rate at higher 

temperature. Interestingly, the new peaks arise mostly from residues near the C-terminus 

and, to a lesser extent from the N-terminus, with few new peaks arising from the central 

region (K16-K28) (Fig. 4). Since no changes were observed in this time frame in the 

absence of fibers, the most likely explanation for the new peaks is that they originate from a 
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new oligomer species whose formation is catalyzed by the interaction of monomers with the 

surface of fibers.8, 10

The above experiments localize the initial association to specific sites on the monomer. They 

do not provide any information on the corresponding interaction sites on the fiber. Since 

such information is difficult to obtain directly through NMR or other techniques, we again 

resort to indirect methods. To identify possible association sites on the fiber body, we 

repeated the real-time SOFAST-HMQC experiment with intermittent sonication of the 

sample for 2 minutes after every 90 minutes of incubation, enough to mechanically fragment 

unstable long fibers to generate new fiber ends but not enough to disrupt smaller oligomers 

or to cause proteolysis.19 Sonication creates new fiber ends while preserving the surface area 

along the long axis of the fiber. It therefore provides a mechanism for identifying the 

probable site of oligomer formation on the fiber surface. If oligomers are formed primarily 

at the ends of fibers, the expected result is an acceleration of the time-dependent changes 

seen in the absence of sonication. On the other hand, sonication should have little effect if 

oligomers are primarily formed along the fiber body.

In the absence of sonication, new peaks were detectable only after 5 hours of the addition of 

fibers (Fig. 3). When the fibers are sonicated, similar (but not identical) new peaks were 

detected 45 minutes after the addition of fibers (Fig. 4). Some new peaks formed by fiber 

fragmentation after sonication are in similar positions as those formed during aggregation. 

For example, following sonication minor peaks can be detected in the vicinity of V40 and 

G33 (Fig. 4B). Similar peaks were also detected in nearly identical positions 9 hours after 

the addition of fibers, suggesting these peaks arise from the creation of new oligomeric 

species at the fiber ends. However, the pattern of new peak formation is not identical; several 

new peaks appear after sonication that do not have a close analogue with any new peaks 

appearing during aggregation (Fig. 4B). The overall correspondence does suggest an overall 

similarity between the two processes.

The results from this study offer a first glimpse into the molecular processes underlying 

secondary nucleation during the Aβ fiber elongation process. Before discussing the results, it 

is important to recognize some of the limitations of the techniques used in this study. First, 

the bound states are not detected directly; rather their existence and properties are only 

inferred by their exchange with the monomeric state. To infer the bound state of Aβ 
monomers, the fiber elongation process had to be slowed down to a rate amenable to 

analysis by the use of non-physiological low temperatures. The method also does not 

provide a complete sampling of all bound states. Monomers with slow exchange rates have 

T2 (i.e. the spin-spin relaxation time) values similar to the amyloid fiber and are therefore 

undetectable by solution NMR. Because not all states are sampled and the chemical shift of 

the bound state is unknown, the results are entirely qualitative - they point to the existence of 

certain states but do not provide quantitative information on their prevalence. Finally, the 

qualitative results may not hold for all fiber conformations. In this study, short fibers 

produced by seeded aggregation with mechanical agitation20 were used to generate a 

detectable population of bound Aβ that is not yet incorporated into the fiber. The possibility 

must be considered that other fiber morphologies, such as those prepared under quiescent 

conditions, may have different bound states.
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Recognizing these limitations, some details of the association of monomers with fibers 

emerge that were previously inaccessible to experimental studies. The most detailed 

examination to date of the binding of soluble Aβ to a fiber-like species at the molecular level 

was done by Fawzi et al, who used saturation transfer experiments to obtain quantitative 

estimates of binding to amyloid protofibers at the residue level.12, 16, 17 The highest affinity 

for the protofiber surface was found in two stretches on the monomer (K16–G25 and K28–

G37) that roughly correspond to the residues forming β-sheets in the fiber model.21 

However, distinct structural differences exist between protofibers and mature amyloid fibers 

that translate to differences in site-specific binding affinity.21 Protofibers are intermediates 

created when a high concentration (>150 μM) of monomeric Aβ is incubated in vitro12 

which differs structurally from mature fibers in their supramolecular organization. In 

contrast to the relatively long straight morphology of amyloid fibers (Fig. 2B), protofibers 

are short, worm-like aggregates of irregular shape with a lower amount of stable hydrogen 

bonded structure than mature amyloid fibers.22 Significantly, infrared spectroscopy suggests 

an antiparallel organization of the beta sheets rather than the parallel orientation found in 

amyloid fibers33 with different contacts among the core than in amyloid fibers.31 NMR 

studies have also suggested the β-strands to be shorter in protofibers than that in amyloid 

fibers,23 and that the side-chains of protofibers are more dynamic.21 The difference in 

structures translates to a difference in properties between the two species. Protofibers exist in 

a stable equilibrium with monomeric Aβ12 and the transition between protofibers and 

monomeric Aβ is readily reversed by dilution.14 In contrast, the equilibrium concentration 

of monomer with amyloid fibers is very low (<1 μM) and the thermodynamic equilibrium 

strongly favors eventual fiber formation.24, 25

Molecular details of the association steps involved in fiber elongation have largely been 

unavailable. The experiments used to determine protofibrillar association require a 

kinetically stable, non-evolving sample. The same techniques that provided site specific, 

quantitative information on the stable monomer/protofiber system cannot be applied to the 

continuously evolving monomer/fiber system. A few low-resolution experiments have been 

attempted. Paramagnetic relaxation enhancement experiments using a fibril seed labeled at 

either A2 or A30 suggest that association of the monomer with the N-terminus of the fiber 

during the docking stage is rare.26 Our experiments offer a more detailed view and highlight 

important similarities and differences between association of the monomer in the fibers and 

protofibers. Like the protofiber /monomer system, we find the monomeric peptide can bind 

to the surface of the amyloid fiber in a tethered conformation with a great deal of mobility 

outside the few points of contact. The evidence for this is in the localized nature of the 

spectral changes shown in Fig 1. If the majority of the residues are in contact with the fiber, 

no matter how transiently, it is expected the spectral changes should vary smoothly and 

fairly consistently throughout the peptide. Instead we see three distinct regions with different 

pattern of changes in each region. This points to a binding conformation distinctly different 

from the final fiber conformation where all the residues outside of the eight N-terminal ones 

are involved in stabilizing the fiber structure.

While both fibers and protofibers have loosely bound surface associated states, the binding 

mode differs. In the protofiber-monomer system, the KLVFFA sequence from residues 16–

21 of the monomer has the highest affinity for the protofiber surface.12, 16 In fully formed 
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fibers, the main recognition sequence of the docked state is shifted towards the C-terminus, 

centered on the F19-N27 region of the incoming monomeric peptide (Figs 2A). The shift is 

significant as the KLVFF sequence has been implicated in Aβ1–40 self-recognition and 

modified forms of the peptide sequence have been used for this reason as a motif in the 

design of peptide inhibitors for arresting fiber formation.27 This particular sequence was 

identified by finding the optimal binding sequence in a series of short peptides derived from 

the Aβ1–40 sequence.28 However, the KLVFF peptide is only moderately effective at 

suppressing fiber formation and toxicity,29 in contrast to the substantial effects seen at sub-

stoichiometric levels with some longer peptides.30 Considering the potential role of surface 

associated states in fiber elongation may lead to more effective inhibitors.
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Figure 1. 
Kinetics of aggregation of Aβ1–40 with and without 5 mol % fiber seeds monitored by 2D 
1H-15N SOFAST-HMQC NMR (Figs.S1 and S2). Each data point represents the total 

intensity summed over all monomer peaks (Fig. S2). The two observable phases at 10 °C 

indicate two kinetically distinct processes with the grey shaded vertical bar indicating the 

time-scale in which the first kinetic phase (docking mechanism) is dominant. The peak 

center was adjusted for each time-point in the intensity calculation; experimentally measured 

ranges of chemical shift changes with time are given Fig. S1.
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Figure 2. 
(A) Time dependent variation of the peak intensities along the peptide backbone measured 

from 2D 1H-15N SOFAST-HMQC spectra of a freshly dissolved 80 μM Aβ1–40 sample with 

5 mol% fiber seeds at 10 °C. Points represent the signal intensity of the peak maxima (I(t)) 
relative to the signal intensity in the absence of fiber seeds (Io). (B) Electron micrograph of 

the preformed amyloid seeds. (C) Time traces for representative residues in the N-terminal, 

central hydrophobic, and C-terminal regions of the peptide. Time traces for all residues can 

be found in the supporting information.
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Figure 3. 
(A) New peaks appeared with time when the sample (80 μM Aβ1–40) was seeded with 5 mol 

% fibers at 10 °C. 1D spectral slices are given in Fig. S7. (B) Time evolution of the 

monomers (red) and apparent exchange peaks (blue) G25 (circles), G33 (triangles), G37 

(diamonds). Full 1H-15N SOFAST-HMQC spectra are shown in Fig. S2.
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Figure 4. 
Sonication accelerated the formation of new peaks. Spectra acquired before the addition of 

preformed fibers are shown in single black contours. New peaks (indicated by the arrows) in 
1H-15N SOFAST-HMQC spectra start to appear after 5 hours of incubation with 10% fiber 

seeds (A) but after only 45 min if the sample was sonicated after the addition of seeds (B).
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