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Summary 

The amyloid β-peptide Aβ is a major component of plaques in Alzheimer’s disease, 

and formation of senile plaques has been suggested to originate from regions of 

neuronal membrane rich in gangliosides. Here we demonstrate using NMR on 15N-

labelled Aβ(1-40) and Aβ(1-42) that the interaction with ganglioside GM1 micelles is 

localised to the N-terminal region of the peptide, particularly residues His13 to Leu17, 

which become more helical when bound. The key interaction is with His13, which 

undergoes a GM1-specific conformational change. The sialic acid residue of the 

ganglioside headgroup is important for determining the nature of the conformational 

change. The isolated pentasaccharide headgroup of GM1 is not bound, suggesting the 

need for a polyanionic surface. Binding to heparin confirms this suggestion, since 

binding is of similar affinity but does not produce the same conformational changes in 

the peptide. A comparison of Aβ(1-40) and Aβ(1-42) indicates that binding to GM1 

micelles is not related to oligomerisation, which occurs at the C-terminal end. These 

results imply that binding to ganglioside micelles causes a transition from random coil 

to helical in the N-terminal region, leaving the C-terminal region unstructured. 
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INTRODUCTION 
 

The brains of Alzheimer’s patients are characterised by amyloid plaques, whose main 

constituent is the amyloid β-peptide Aβ, which forms ‘cross-β’ fibrils [1]. This 

peptide ranges from 40 to 43 residues in length, with the difference being at the C-

terminal end. Longer peptides are much more fibrillogenic [2]. All adult brains 

contain amyloid plaques, but in most individuals these are ‘diffuse’ and not 

apparently harmful; by contrast, in Alzheimer’s sufferers, the plaques are fibrillar and 

are associated with dystrophic neurons. This, together with many other results, has 

suggested that it is the conversion from diffuse to fibrillar form that dictates disease 

progression, and has focussed efforts on identifying the ‘seed’ from which fibrils are 

propagated in what appears to be a nucleation-dependent process that involves a 

change in the conformation of the peptide [3]. Interestingly, the diffuse plaques are 

predominantly Aβ(1-42) and the neuritic plaques predominantly Aβ(1-40) [4]. 

 A major debate has focused on whether the seed for fibril formation is formed 

in solution (possibly as an oligomer [5]) or on membrane surfaces. In recent years, 

much attention has focussed on interactions between Aβ and gangliosides, 

particularly GM1 (Figure 1), which is one of the most abundant gangliosides in the 

brain, constituting approximately 20% of brain gangliosides [6]. Gangliosides are 

sialic acid-containing glycosphingolipids with a role in synaptic transmission and 

signalling, and are found in high concentration in neural cell membrane, particularly 

in synaptic membrane [7]. The finding that GM1-bound Aβ is generated in human 

brain [8] has stimulated further studies in this area, including the recent results that 

ganglioside micelles stimulate aggregation and fibrillisation of Aβ [9], that regional 

deposition of Aβ in the brain is induced by the local gangliosides [10], and that Aβ-

GM1 binding in living cells takes place in a seed-dependent manner and directly 

induces cytotoxicity [11], and may be a mechanism common to many amyloidoses 

[12]. A particularly interesting line of research locates GM1-rich membranes in 

cholesterol-rich lipid rafts [13, 14], thereby suggesting how the amyloid deposits 

could affect neuronal membranes and signalling, and also why cholesterol and 

apolipoprotein E (which redistributes cholesterol in the brain) might be linked to 

Alzheimer’s disease [15]. 
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 In this paper, we describe NMR experiments aimed at characterising the 

interactions between Aβ and ganglioside micelles. We identify a small part of the 

peptide, residues 13-17, that we demonstrate to be most crucial for substrate-specific 

interaction. A comparison of Aβ(1-40) and Aβ(1-42) suggests that Aβ(1-42) forms 

oligomers in solution by interactions at the C-terminus, but that these are not related 

to GM1 binding. The relationship to seeding of amyloid plaques is discussed. 

 

EXPERIMENTAL 
 

Uniformly 15N-labelled Aβ(1-40) and Aβ(1-42) were purchased from rPeptide 

(Athens, GA), and gangliosides were purchased from Alexis Biochemicals (now 

Axxora (UK) Ltd), Nottingham, UK. The purity of the gangliosides is quoted as 

>98% by the manufacturer, but was not checked. All other reagents were from Sigma-

Aldrich. The heparin used was the sodium salt (H4784). 

 Aβ(1-40) solutions were prepared following [16]: the peptide was dissolved at 

a concentration of 200 µM in 10 mM NaOH with 1 min sonication, and immediately 

frozen if required. Subsequently, the pH was adjusted to 7.2 with a minimal amount 

of 0.1 M HCl, and D2O was added to make approximately 200 µM peptide solution 

containing 10% D2O. Solutions prepared in this way were stable and showed no sign 

of aggregation for at least a week. By contrast, solutions made up in buffer aggregated 

much faster, often being almost entirely precipitated after 24 hr. Aβ(1-42) was pre-

treated by dissolution in hexafluoroisopropanol and lyophilisation, before dissolving 

in 10 mM ammonium hydroxide, followed by adjustment of the pH to 7.2. These 

solutions started to aggregate and form fibrils immediately and were only usable for 

2-3 days after solution. Solution of the commercial material directly into sodium 

hydroxide resulted in no NMR signal whatsoever, indicating significant aggregation 

using this method. Stock solutions of gangliosides or heparin were prepared at high 

concentration (approximately 100-200 mM), adjusted to pH 7.2 and added direct to 

the NMR tube. All NMR experiments were carried out on a Bruker DRX-500 

equipped with a cryoprobe, and operated at 13 °C. 15N HSQC experiments used 

gradient selection for water suppression and water flip-back pulses to minimise loss of 

magnetisation through exchange and relaxation processes. The 3D TOCSY-HSQC 

spectrum incorporated solvent suppression using gradients, with a 35 ms spin-lock at 
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8.3 kHz decoupler power. Processing of NMR data used FELIX (Accelrys Inc., San 

Diego, CA), and titration data were analysed using home-written scripts. Cross-peak 

intensities were measured within FELIX, transferred to a text file, and fitted to an 

exponential decay using a Marquardt nonlinear least-squares fitting based originally 

on a Numerical Recipes© algorithm. Binding constants were obtained by fitting to a 

standard equation using Excel (Microsoft). 

 

RESULTS 
 

The HSQC spectrum of Aβ(1-40) was assigned based on assignments described and 

kindly provided by Dr M. Zagorski [16]. Assignments were confirmed using a 3D 

TOCSY-HSQC experiment, and proved very similar to published assignments [16]. 

The HSQC spectrum is shown in Figure 2. Almost all backbone signals are resolved. 

At 13 °C, all signals can be found except for the N-terminal residue and His6. His14 

gives a weak signal, as expected because of its rapid amide exchange under these 

conditions [17]. The reason for the absence of His6 in our HSQC spectra is less clear, 

but it was also not observable by Hou et al. [16]. On the basis of the chemical shifts, 

we concur with other authors [16, 18] that the peptide is random coil in aqueous 

solution. The majority of HSQC peaks in Aβ(1-42) were assigned in the same way, 

but the assignment is somewhat less complete due to its rapid aggregation, which 

limits the time available for 3D NMR experiments. The signals from Aβ(1-42) have 

very similar chemical shifts to those of Aβ(1-40) except at the C-terminus, implying 

no significant conformational differences between them. 

GM1 forms micelles with a critical micelle concentration in the low µM range 

[19]. Thus, at concentrations >100 µM, as used here, it is essentially 100% micellar. 

On titration of GM1 micelles into Aβ(1-40), chemical shift changes were seen in the 

NMR spectrum, as shown in Figure 3. The chemical shift changes are small, but are 

reproducible and specific, since many residues have essentially no change in shift. 

Smaller chemical shift changes have been demonstrated to be biologically relevant on 

many previous occasions (eg [20, 21]). Almost all the chemical shift changes were in 

the N-terminal half of the peptide, and were close to potentially positively charged 

residues: Glu3-Arg5 (close to Arg5 and His6) and Val12-Leu17 (close to His13, 

His14 and Lys16). However, the pK values of the three histidines are all 
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approximately 6.5 [22]. Hence at the pH of our measurements, 7.2, most of the 

histidines will be unprotonated. We therefore expect that the only residues 

significantly positively charged at this pH will be Arg5 and Lys16, together with 

Lys28. This makes it unlikely that the chemical shift changes are due only to 

coulombic interactions with the single negative charge in the GM1 headgroup, the 

sialic acid. In order to confirm this, a further titration was carried out at approximately 

physiological salt concentration (150 mM NaCl), which should markedly reduce 

purely coulombic interactions in water. The results (Figure 4) show reduced chemical 

shift changes, indicating a loss of affinity. Residues 14-17 still shift, but the changes 

seen in residues 3-13 are much reduced. This implies that although some of the 

binding and the chemical shift changes are primarily coulombic in origin, others (and 

in particular the changes seen in residues 15-17) are much less so. We note that other 

authors have concluded that binding to GM1 is not primarily coulombic, although 

again there are clearly coulombic interactions[23-25]. 

 A further titration of Aβ(1-40) was carried out, using micelles of asialo-GM1 

(Figure 1). The results are shown in Figure 5, in which the chemical shift ranges used 

in the plot are 75% of those used for Figure 3, and show that chemical shift changes 

with asialo-GM1 are similar to those seen for GM1 but reduced in magnitude for 

equivalent concentrations by approximately 25%. A reduction is expected in the 

magnitude of the shift change, because asialo-GM1 is known to bind less tightly than 

GM1 to Aβ. The extent of the difference has been reported differently. Choo-Smith et 

al. report no binding at all to asialo-GM1 [23], while a factor of 2 has also been 

reported [26]. Our data are in better agreement with the latter result. The overall 

similarity of the chemical shift changes for GM1 and asialo-GM1 implies that the 

binding interactions are similar, although with some differences in the region of 

His13-Gln15. This result therefore also implies that the interaction is not dominated 

by coulombic forces, since asialo-GM1 has no charge in the headgroup. 

 In a further experiment, Aβ(1-40) was titrated with heparin (Figure 6). The 

chemical shift changes again affect very similar residues to those affected by GM1, 

although the size and direction of the change is in several cases markedly different (eg 

Arg5, His13 and His14). Heparin is a polyanionic polysaccharide (consisting mainly 

of 2-deoxy-2-sulphamino-α-D-glucose 6-sulphate, α-L-iduronic acid 2-sulphate, 2-

acetamido-2-deoxy-α-D-glucose, β-D-glucuronic acid, and α-L-iduronic acid in 
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random order), but otherwise has little structural similarity to GM1 micelles. Despite 

its completely different covalent structure, and presumably its three-dimensional 

structure, it causes similar chemical shift changes in Aβ to those caused by 

ganglioside micelles. Hence, many of the changes must reflect a general 

conformational propensity of the peptide on binding to a surface, especially to one 

carrying a negative charge (although the overall similarity of results from asialo-GM1 

imply that a negative charge is not essential). However, the exact structure adopted 

when bound, indicated by the direction of the chemical shift changes for residues 

Phe4, Arg5, Val12 and His13 in particular, depends on the substrate. 

 By contrast, Aβ(1-40) was also titrated with the pentasaccharide headgroup of 

GM1. No chemical shift changes could be observed at all (data not shown), implying 

a lack of interaction, and therefore the requirement for an extended surface for 

efficient binding. A similar observation has been made before [27]. 

 The chemical shift changes for Gln15, Lys16 and Leu17 on titration are in all 

cases similar, and show a reduction in chemical shift (ie, an upfield shift) for both 1H 

and 15N. These changes are those expected for a change from random coil to α-helix, 

and in the opposite direction for those expected on going from random coil to β-sheet 

[28, 29]. The data therefore imply that this region of the peptide becomes more helical 

on binding, but that the interacting region N-terminal to this sequence has a more 

complicated and substrate-specific conformational change. 

 The affinity of Aβ(1-40) for GM1 micelles was estimated by fitting the 

chemical shift changes to a standard saturation curve [30]. The numerical result 

requires an assumption as to the number of GM1 molecules in a micelle. Here we 

have assumed an aggregation number of 310 [31], which produces a dissociation 

constant for a micelle of approximately 5 µM, in approximate agreement with values 

produced by others for binding to vesicles containing GM1 [13, 14, 23]. This result 

implies that the fairly weak binding to GM1 does not act to concentrate Aβ directly 

(and therefore increase the local concentration of Aβ which might encourage 

fibrillisation); rather, it acts to fix Aβ into a fibrillogenic conformation. When the 

dissociation constant is calculated for GM1 monomers, it is much weaker at 

approximately 1 mM. The dissociation constant for heparin (per disaccharide repeat) 

is similar, implying that the binding to gangliosides is not particularly strong, in 

agreement with results from other groups [32]. The calculations also imply that at 8 

 7 

Biochemical Journal Immediate Publication. Published on 21 Apr 2006 as manuscript BJ20060293

Copyright 2006 Biochemical Society



equivalents of GM1 (the maximum shown here), the shift changes are approximately 

30% of maximal. Thus, 1HN chemical shift changes on 100% binding to GM1 

micelles are estimated to be approximately 0.06 ppm for residues 15-17, implying that 

the bound structure is not fully helical, which would produce shift changes of 

approximately 0.2 ppm [28]. 

 During the course of the titration, reductions in peak intensity and increases in 

linewidth were seen in the HSQC spectrum. Such changes are expected due to the 

increased correlation time arising from binding to a large micelle, which reduces T2 

and therefore reduces intensity in multipulse experiments such as HSQC. For most 

protons, the increased linewidth and reduced intensity seen are consistent with a fast-

exchange limit equilibrium between the free and micelle-bound forms: fast exchange 

is expected from the the relatively weak binding affinity, which is in the low µM 

range. Thus, for the heparin titration, intensity changes were small and showed no 

clear variation along the sequence (except that the two C-terminal residues showed a 

lesser intensity reduction, implying little or no restriction in motional freedom arising 

from binding of the peptide to heparin). However, for the titrations with GM1, 

intensity changes were large and markedly non-uniform along the sequence (Figure 

7). One would expect the changes to be larger than with heparin because of the much 

longer correlation time of the GM1 micelles. The non-uniformity is consistent either 

with greater motional restriction at some sites, or with exchange broadening. The 

latter explanation is less likely because the affinity is too weak to cause significant 

exchange broadening. As a way of handling the data, the intensities were fitted to an 

exponential curve (intensity against amount of GM1 added), the results of which are 

shown in Figure 8. For both GM1 and asialo-GM1, the most dramatic decrease in 

intensity is for residues 26-28, despite the fact that these residues show only very 

small chemical shift changes. There is also faster broadening at the C-terminal end, 

around Gly37. Loss of intensity can be caused by a large number of factors, all of 

which imply a change in conformation or environment. We therefore conclude that 

binding to GM1 micelles does affect the C-terminal part of the peptide, specifically 

around residues 27 and 37, even though no or only small chemical shift changes are 

seen here. 

 There are also marked decreases in intensity around His13 and Ser8 in the N-

terminal end of the peptide on binding GM1, which are smaller or absent on titration 
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with asialo-GM1. This implies a reduced interaction at these locations in asialo-GM1, 

an observation that is consistent with the chemical shift changes described above, 

which were smaller and different for asialo-GM1 for Ser8, Gly9, His13 and Gln15. 

Thus, both chemical shift changes and line-broadening imply an interaction with the 

sialic acid group in the region of residues 8-15. 

 HSQC experiments were also carried out on Aβ(1-42). This peptide differs 

from Aβ(1-40) only by the presence of Ile41 and Ala42. Immediately after separation 

of aggregates by treatment with hexafluoroisopropanol, followed by lyophilisation, 

sonication at high pH and adjustment to pH 7.2, HSQC spectra already indicated the 

presence of aggregated species, which increased in intensity with time (Figure 9). 

These signals were sharp and apparently in slow exchange with monomer, and only 

affected C-terminal residues (from G33 onwards). We therefore conclude that the 

peptide forms small well-defined aggregates, probably dimers because of their 

sharpness, in a time-dependent manner, centred on the C-terminus. The sharpness of 

the oligomer signals is inconsistent with their being as large as hexamers. 

 Titrations of Aβ(1-42) with GM1 showed chemical shift changes. The slow 

exchange between monomer and oligomer meant that we were able to monitor 

chemical shift changes for some of the C-terminal residues in both monomer and 

oligomer. We were therefore able to identify binding interactions for monomer and 

oligomer from the same solution. There were no significant chemical shift changes in 

either monomer or oligomer, for any of the residues showing signal splitting (ie, G33 

onwards), implying that the C-terminal end of the peptide does not interact with GM1 

micelles, either as monomers or oligomers. The lack of binding of the oligomer is of 

interest in the light of recent reports that the fibrillogenic form of Aβ is soluble 

oligomers [5]. By contrast, residues in the N-terminal end show shift changes 

comparable to those observed for Aβ(1-40), with the largest changes being for Y10, 

V12, K16 and L17. (We note that shift changes for H13 and Q15 were not measurable 

due to signal overlap and poor solubility.) We therefore conclude that Aβ(1-42) binds 

to GM1 micelles in a similar way to Aβ(1-40), and particularly in the region 10-17; 

and that it also undergoes a dimerisation or aggregation at the C-terminal end, which 

is independent of any binding to GM1. 
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DISCUSSION 
 

There have been a large number of conformational studies of Aβ. Many of these are 

in unphysiological solvents or in SDS or lipid micelles, which are well known to have 

a tendency to push peptides towards helical structures. It is therefore not surprising to 

find that these studies tend to report helical conformations for Aβ. However, studies 

in water have suggested random coil states [16, 18], a conclusion with which we 

agree. 

 In this study we demonstrate binding in the low µM range to GM1, asialo-

GM1 and heparin, but no measurable binding to the isolated GM1 headgroup. Several 

experiments (both ours and those of others [33]) have demonstrated that although 

there may be a coulombic element to the binding, the interactions are not limited to 

coulombic ones. Our results are therefore relevant to the physiological situation where 

the salt concentration is higher and coulombic interactions are weaker. 

 The chemical shift changes reported here demonstrate binding of Aβ to GM1 

micelles, which is localised to the N-terminal half of the peptide. We confirm that 

binding to asialo-GM1 is weaker, specifically with differences around residues 12-15. 

[This conclusion is radically different from one resulting from another NMR study 

[34]. However, that study was carried out using SDS micelles, which may be the 

reason for the different results.] Binding to heparin also involves the same residues, 

although the chemical shift changes (and therefore presumably the interactions and 

conformational changes on binding) are different. Our results therefore agree with the 

consensus of opinion, which is that high affinity binding is directed to the N-terminal 

end of the Aβ peptide [26]. For binding to heparin, the region 12-17 has previously 

been identified [33, 35], and this region has also been demonstrated to be important 

for attachment to microglial cells and for neurotoxicity [36]. There is no binding to 

isolated pentasaccharide headgroups. The results therefore imply that Aβ binds to a 

range of surfaces in a similar way and with similar affinity, the binding being at the 

N-terminal end of the peptide. 

 Chemical shift changes (particularly of 15N and 1HN) are notoriously difficult 

to relate to specific conformational changes. However, there is wide agreement that 

helical regions have higher field 15N and 1HN shifts than random coil. The results 

reported here therefore imply that the short region from Gln15 to Leu17 becomes 
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more helical on binding, to GM1, asialo-GM1 and heparin. It is perhaps significant 

that this is exactly the same region identified above as being important for 

neurotoxicity [36]. The region C-terminal to Leu17 has little or no observable 

conformational change. Intensity changes did however suggest some interaction in 

this part of the peptide, particularly around residues 27 and 37. 

A comparison of chemical shift changes in Aβ on addition of GM1 micelles 

compared to asialo-GM1 or heparin implies that His13 interacts specifically with the 

sialic acid moiety. Because previous studies have identified the sialic acid as being 

important for the growth of amyloid fibres [10, 13, 37], the results imply that His13 

binding may play an important role in fibrillogenesis. Indeed, His13 has previously 

been identified as crucial for rapid fibrillisation [38]. It is relevant to note that rats, 

which differ in their Aβ from humans in only three positions (R5G, Y10F and H13R), 

do not form cerebral Aβ amyloid [39]. 

Comparison of chemical shift changes in Aβ(1-40) and Aβ(1-42) implies that 

binding to GM1 micelles is located at the N-terminal end, while the C-terminal end 

plays no part in binding, but does lead to oligomerisation in solution. We note that 

residues 1-28 alone are sufficient for formation of structured aggregates, but do not 

form fibrils [40]. The results therefore suggest that the N-terminal binding of the 

peptide to GM1 may provide the initial fibrillogenic seed, but that the C-terminus is 

required for propagation into fibrils. 

This raises the question of what this study implies about the formation of 

amyloid fibres in vivo. The study is consistent with the seeding/nucleation amyloid 

cascade model of Alzheimer’s. By contrast, it implies that soluble Aβ aggregates, 

currently a very popular topic of study [5], may be off-pathway intermediates with no 

direct involvement in plaque formation. There is however a recent report [41] that Aβ 

polymers are found associated with lipid rafts in mouse brain, but that oligomers are 

found particularly at axon terminals. It is therefore possible that both modes of 

polymerisation operate at the same time, in different regions of the brain. Multiple 

assembly pathways would be no surprise [42]. 

The study also implies that the fibrillogenic seed nucleus involves an 

interaction of His13 with the sialic acid moiety of GM1. Aβ can bind to other non-

fibrillogenic surfaces (heparin, for example), but without inducing the same structural 

change in Aβ. This implies that binding of Aβ in other conformations may merely 
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lead to buildup of Aβ without the formation of fibrils – in other words, to diffuse 

plaques. Indeed, this could provide an explanation of why Aβ(1-42), which is less 

soluble than Aβ(1-40) and speeds up fibrillogenesis [38], surprisingly tends to be 

found in diffuse rather than neuritic plaques [4]: we suggest that it binds and 

aggregates so rapidly that it does not have time to rearrange into the correct 

conformation to form the required seed. This suggestion is consistent with our 

observation that oligomerisation of Aβ(1-42) is rapid and independent of GM1 

binding, and occurs in a different region of the peptide. It could also provide an 

explanation of the observation that the amount of soluble Aβ oligomer correlates with 

synaptic loss better than does the amount of insoluble Aβ [43]: it may be that 

deposition of Aβ in the correct conformation requires multiple equilibration between 

soluble and insoluble forms. The formation of fibrils is thus seen to be a fine balance 

between over-rapid deposition (leading to diffuse plaques) and inadequate deposition 

(leading to small and non-aggressive plaques). In partial support of this argument, we 

note that treatment of transgenic mice (which develop Alzheimer’s-like symptoms) 

with anti-Aβ antibody not only leads to a reduction in plaques (implying reversible 

binding of Aβ to plaques in vivo), but also gives a reduction in neuritic damage, 

implying that the neuritic damage is a consequence of the plaques [44]. 
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Figure legends 

 
Figure 1 The structure of gangliosides GM1 and asialo-GM1. 

 

Figure 2 HSQC spectrum of 15N-labelled Aβ(1-40) in water, pH 7.2, 13 °C.  

The small unlabelled peak at (1H = 7.2, 15N = 119 ppm) is probably an arginine 

sidechain NH. 

 

Figure 3 Chemical shift changes in Aβ(1-40) on addition of GM1 to 200 µM 

peptide in water.  

Each box shows results for a different residue, with 1H shifts horizontal (increasing 

left to right, total range ± 0.02 ppm) and 15N shifts vertical (increasing bottom to top, 

total range ± 0.1 ppm). This representation therefore resembles the change seen in an 

HSQC spectrum, except that the directions of the axes are reversed. The start of the 

titration is indicated with a filled circle, and subsequent titrations are 1, 2, 4 and 8 

equivalents of GM1. The size of the circles approximates the experimental 

uncertainty. No data are shown for His6 because it could not be observed. 

 

Figure 4 Chemical shift changes in Aβ(1-40) on addition of GM1 to 200 µM 

peptide in 150 mM NaCl.  

Only the N-terminal residues are shown, because there were effectively no changes in 

the C-terminal residues. Titrations are 0, 1, 2, 4 and 6.6 equivalents of GM1. Other 

conditions are as for Figure 3. 

 

Figure 5 Chemical shift changes in Aβ(1-40) on addition of asialo-GM1 to 200 

µM peptide in water.  

Other conditions are as for Figure 3, except that the chemical shift ranges in each box 

are ± 0.015 ppm for 1H and ± 0.075 ppm for 15N. 

 

Figure 6 Chemical shift changes in Aβ(1-40) on addition of heparin to 200 µM 

peptide in water.  

Other conditions are as for Figure 3, except that the chemical shift ranges are ± 0.05 

ppm for 1H and ± 0.3 ppm for 15N. 
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Figure 7 Intensity changes of HSQC peaks on addition of GM1 micelles to Aβ(1-

40).  

The horizontal scale shows the molar ratio of GM1 to Aβ, with for each residue a 

range of 0 to 40 molar equivalents: the data are shown for 0, 1, 2, 4, 8, 12, 16, 20, 24, 

28, 32, and 36 equivalents. The vertical scale shows the peak intensity relative to that 

in pure peptide, on a range from 0 to 100%. The intensity changes are fitted to an 

exponential decay.  

 

Figure 8 Loss of intensity during the titrations of (A) GM1 and (B) asialo-GM1 

into Aβ(1-40).  

The bars show the decay constant from the exponential fits of the experimental data 

(Figure 7), with the estimated fitting error. The numerical values of the decay 

constants therefore have no direct meaning, but serve as a measure of the extent of 

intensity loss during the titration. Data for His14 are not shown in B, because the 

intensity of His14 is too weak to allow fitting of the data. 

 

Figure 9 Titration of GM1 into Aβ(1-42).  

HSQC spectra of Aβ(1-42) alone (left), with 8 mole equivalents of GM1 (centre) and 

16 mole equivalents (right). The spectra were acquired sequentially, about 6 hours 

apart. The signals for glycines 9 and 29 are barely affected. The signal for glycine 38 

is also not affected by the addition of GM1, but there is an independent and time-

dependent loss of the signal from monomer (marked m) and increase of a signal from 

an oligomeric species (marked o). All signals are starting to decrease in the final 

spectrum because of precipitation of aggregates. 
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