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Abstract  

Aggregation of the amyloid-β (Aβ) peptide into plaques is believed to play a crucial role in Alzheimer’s 

disease. Amyloid plaques consist of fibrils of full length Aβ peptides as well as N-terminally truncated 

species. β-Site amyloid precursor protein-cleaving enzyme (BACE1) cleaves amyloid precursor protein 

in the first step in Aβ peptide production and is an attractive therapeutic target to limit Aβ generation. 
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Inhibition of BACE1, however, induces a unique pattern of Aβ peptides with increased levels of N-

terminally truncated Aβ peptides starting at position 5 (Aβ5-X), indicating that these peptides are 

generated through a BACE1-independent pathway. Here we elucidate the aggregation mechanism of 

Aβ5-42 and its influence on full-length Aβ42. We find that, compared to Aβ42, Aβ5-42 is more 

aggregation prone and displays enhanced nucleation rates. Aβ5-42 oligomers cause non-specific 

membrane disruption to similar extent as Aβ42 but appear at earlier time points in the aggregation 

reaction. Noteworthy, this implies similar toxicity of Aβ42 and Aβ5-42 and the toxic species are 

generated faster by Aβ5-42. The increased rate of secondary nucleation on the surface of existing fibrils 

originates from a higher affinity of Aβ5-42 monomers for fibrils, as compared to Aβ42: an effect that 

may be related to the reduced net charge of Aβ5-42. Moreover, Aβ5-42 and Aβ42 peptides coaggregate 

into heteromolecular fibrils and either species can elongate existing Aβ42 or Aβ5-42 fibrils but Aβ42 

fibrils are more catalytic than Aβ5-42 fibrils. Our findings highlight the importance of the N-terminus 

for surface-catalyzed nucleation and thus the production of toxic oligomers. 
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Introduction 

Alzheimer’s disease (AD) is an increasingly common neurodegenerative disorder characterized by the 

presence of extracellular plaques composed of amyloid-β (Aβ) fibrils surrounded by dystrophic neurites, 

intracellular neurofibrillary tangles composed of hyperphosphorylated aggregated tau protein, 

accompanied by synaptic and neuronal degeneration (1). The amyloid cascade hypothesis postulates that 

there is an imbalance in the production and clearance of the Aβ peptides and that the formation of 

neurotoxic Aβ oligomers and accumulation of Aβ triggers AD pathology (2). Several Aβ variants 

differing in the N- and C-termini are present in the brains of individuals suffering from AD and it has 

been reported that over 60% of the Aβ load consists of N-terminally truncated peptides (3).  

In vivo, Aβ peptides are generated by proteolysis from the larger transmembrane amyloid precursor 

protein (APP). In the amyloidogenic pathway, Aβ cleavage before Asp-1 is catalyzed by β-site APP-

cleaving enzyme 1 (BACE1). Subsequently, γ-secretase cleaves the membrane/spanning part of APP 

resulting in peptides with a variety of C-terminal lengths (reviewed in (4)). With the aim to reduce the 

Aβ load in the brain several pharmaceutical companies have developed drugs that are aimed at having 

disease-modifying effects and one of the top candidates is inhibition of BACE1 (5). It has been shown 

that inhibition of BACE1 leads to alterations in the Aβ peptide pattern resulting in decreased levels of 

Aβ1-34, Aβ1-40 and Aβ1-42 and increased levels of Aβ5-40 (6). The fact that Aβ peptides starting at 

position 5 are generated in spite of BACE1 inhibition indicates that Aβ5-X is most likely generated in a 

BACE1-independent APP-processing pathway in humans and that this pathway is upregulated in 

response to BACE1 inhibition in a dose-dependent manner (7). The neurotoxic effects of Aβ5-X remain 

to be elucidated and are likely to be important for therapeutic approaches aiming at BACE1 inhibition.  

The aggregation propensity varies between different Aβ species (8, 9). Their coexistence in vivo makes 

it important to determine the aggregation mechanism for each peptide and investigate the influence of 

each Aβ variant on coexisting species. The aggregation kinetics of Aβ vary strongly with peptide 

concentration in a highly predictable manner (10). Reproducible experimental data together with 

theoretical analysis applying the rate laws derived for the fibril assembly process (11) have led to 
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elucidation of the aggregation mechanisms for several Aβ species (8, 12, 13). Aβ oligomers and fibrils 

are formed through a nucleated growth process where initial aggregates are formed from soluble 

peptides by primary nucleation. The addition of monomeric peptides to the initial aggregates results in 

elongation and thus fibril growth. New fibrils are also generated through secondary processes, such as 

fragmentation and secondary nucleation. Fragmentation occurs under certain conditions, e.g., at low 

ionic strength of the surrounding environment (14). Secondary nucleation, where the formation of new 

nuclei is catalyzed by existing fibrils, has been shown to be very important for various Aβ species (8, 

12, 13). Primary nucleation is a slow process compared to secondary nucleation and the formation of 

the majority of new aggregates is catalyzed by existing fibrils in vitro (8, 12). N-terminally truncated 

Aβ species has been shown to aggregate faster than full length Aβ while exhibiting a similar extent of 

neurotoxicity to full-length Aβ (15). Furthermore, it has been suggested that N-terminally truncated 

forms of the Aβ peptide could initiate or nucleate the aggregation procedure resulting in pathological 

Aβ assemblies (15). 

Fibrils formed from peptide species of one length may catalyze the formation of new fibrils from peptide 

species of a different length. It is therefore of great importance to examine whether cross-catalysis and 

coaggregation of Aβ peptides of different lengths can occur. The coaggregation behavior of mutant Aβ 

species or Aβ species varying in sequence length has been shown to differ depending on the specific Aβ 

peptides species in the mixture (9, 16-18).  

Here, we elucidate the aggregation mechanism of Aβ5-42 combining highly reproducible experimental 

measurements for the aggregation kinetics with a detailed theoretical analysis that enables global fitting 

of the measurements using rate laws derived through a master equation approach (8, 12), with an aim to 

unravel the relative importance of different microscopic steps involved in amyloid formation. 

Furthermore, we examine the self-seeding and cross-seeding capacities of Aβ5-42 and Aβ42 and 

whether the two species can coaggregate into heteromolecular fibrils.  Finally, the Ca2+ influx into lipid 

vesicles caused by Aβ42 and Aβ5-42 is measured as an indication of the toxicity of the two peptides.  
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Results and Discussion 

In vivo, a complex mixture of N-terminally and C-terminally truncated and extended Aβ peptides 

coexist. Despite the identification of numerous different proteolytic fragments of APP, therapeutic 

targeting has been aimed at canonical forms of Aβ. BACE1 has long been considered the primary target 

for reducing the Aβ load in individuals suffering from AD (5), although a series of large Phase III trials 

evaluating different BACE1 inhibitors on patients in different clinical stages have been arrested due to 

lack of efficacy or unfavorable risk/benefit ratio, see, e.g., reference (19). While it is well known that 

inhibition of BACE1 results in reduction of Aβ peptides starting at position 1 (20) it has previously been 

shown that the levels of N-terminally truncated Aβ5-X and N-terminally extended Aβ forms increase 

(21).  

Concentration dependence of Aβ5-42 aggregation 

The aggregation propensity of Aβ5-42 was investigated by monitoring changes in ThT fluorescence 

over time for a significant number of individual experiments under quiescent conditions as previously 

described (22). To remove preformed small aggregates, if any, the peptide samples were subjected to 

size exclusion chromatography just before the aggregation reaction. In the concentration ranges of the 

Aβ peptides and ThT used in this study, the fluorescence intensity scaled linearly with the fibril mass 

and ThT did not affect the aggregation of the Aβ species (Supporting Information, Fig. S1 and (12)). 

The aggregation experiments, performed at initial monomer concentrations (m0) ranging from 0.125 to 

5 µM, showed an overall accelerated aggregation rate of Aβ5-42 compared to Aβ42 (Fig. 1A). The half-

time (t1/2) of the aggregation reaction, which is the time point when half of the peptide in solution is 

aggregated, was estimated by fitting a sigmoidal function to every curve. The monomer dependence of 

t1/2 is described by the scaling exponent, γ, where t1/2 ≈ m0
γ
 (Fig. 1B), which provides a first indication 

as to which nucleation mechanism is likely to dominate the aggregation process. For Aβ5-42, the scaling 

exponent was - 0.9 ± 0.07, which is higher than the scaling exponent for Aβ42, thus the concentration 

dependence is less steep for Aβ5-42 than for Aβ42 (12). Some deviation from a power function was 

seen and at higher protein concentrations (> 2.5 µM) the scaling exponent appeared to increase (i.e., less 
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negative value). The concentration dependence of the scaling exponent indicates that one or more of the 

microscopic steps involved in the aggregation process become saturated at high monomer 

concentrations.  

 

Fig. 1. Aggregation kinetics of Aβ5-42. (A) Aggregation of Aβ5-42 over time. Experimental data are 

shown as circles and the global fit is shown as lines. The global fit to the experimental data for Aβ5-42 

contained three free parameters: KM and the combined rate constants k+kn and k+k2. Data points at lower 

peptide concentration were removed for clarity, all concentrations can be seen in Supporting information 

Fig. S2. (B) Half-time of fibril formation as a function of initial monomer concentration on double 

logarithmic axes. Error bars were obtained from the standard deviation from three experiments with four 

replicates in each experiment. The slope of the fitted line gives the scaling exponent, γ = - 0.9 ± 0.07, 

obtained from three repeats of the aggregation experiments. (C) The predicted saturation of fibrils in 

surface-bound species for both Aβ42 (blue) and Aβ5-42 (red). Note that in the range of sampled 

concentrations, Aβ5-42 is significantly more saturated, explaining the observed increased secondary 
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nucleation rate compared to Aβ42. (D) Initial gradient of the ThT fluorescence curves from strongly 

seeded aggregation experiments as a function of initial monomer concentration. Error bars were obtained 

from the standard deviation of three replicates. The linear relationships imply that the elongation rate is 

not saturated. (E) Comparison of the rate constants obtained from the global fitting to the kinetic data 

displayed relative to the rates for Aβ42 on a logarithmic axis, underneath the schematic depiction of the 

respective reaction step. Error bars were obtained from standard deviation of repeats of the aggregation 

experiments as well as the errors in the estimation of the average fibril length required to obtain the 

elongation rate constant.  

 

Kinetic analysis 

To obtain further insight into the rate constants of the microscopic steps involved in the aggregation 

process, the kinetic traces for Aβ5-42 were fitted globally using the Amylofit platform (23). All kinetic 

curves were fitted by the same rate constants and reaction orders and from the fit the combined rate 

constants, k+kn and k+k2 (where kn is the primary nucleation rate constant, k+ is the elongation rate 

constant and k2 is the secondary nucleation rate constant) were obtained (Supporting Information Table 

S1). The best description of the experimental measurements was generated by globally fitting all kinetic 

data, at all concentrations, using a single rate law (Eq. 2) describing a multi-step secondary nucleation 

process (Fig. 1A). Models that exclude secondary nucleation are not able to describe the experimental 

measurements of the aggregation. Fits using alternative models are shown in Supporting information 

Fig. S3. The model that describes the data explicitly treats secondary nucleation as a multi-step event 

where initial attachment of monomers or preformed oligomers to fibrils is followed by formation and 

detachment of a new nucleus. At high concentrations of monomeric peptides, the surfaces of existing 

fibrils become fully covered and the secondary nucleation rate becomes independent of the monomer 

concentration and limited by the formation and detachment of newly formed nuclei. This saturation of 

the secondary nucleation rate is accounted for by the Michaelis constant for saturation of secondary 

nucleation, KM (Fig. 1C). The requirement of a multistep secondary nucleation model to globally fit the 

data indicates that the secondary nucleation rate is limited by the monomer-dependent step at low 

monomer concentrations, while at high monomer concentrations the secondary nucleation rate is limited 
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by the monomer-independent step, i.e., the rearrangement/detachment step of the newly formed nuclei. 

This two-step model, that results in Michaelis-Menten-like saturation kinetics, can account for the 

variation in scaling exponent observed in the half time analysis (Fig. 1B).  

Seeded aggregation kinetics 

Next, we carried out experiments in which we modified the aggregation process by the addition of pre-

formed seeds to investigate whether the elongation rate was saturated within the investigated regime. 

Preformed fibrils were added to monomers at such high concentrations (at least 30% seeds) that the 

nucleation processes are negligible, and the aggregation reaction is dominated by the elongation of 

already existing fibrils. These experiments showed that the initial slopes of the kinetic profiles scaled 

linearly with the initial monomer concentration, which is an indication that the elongation rate is not 

saturated within the studied concentration regime (Fig. 1D).  

Strongly seeded aggregation experiments were used to estimate the elongation rate constant, k+, by 

measuring the initial increase in aggregate mass through fitting a linear slope to the early time-points of 

the aggregation process (Fig. 1D) (8, 24). The initial aggregation behavior at high seed concentrations 

is only dependent on the elongation of already existing fibrils and the nucleation processes become 

negligible. In order to estimate the elongation rate constant, the number of seed fibrils was determined 

by measuring the average length of fibrils in cryo-TEM images. Once the elongation rate constant was 

determined the combined rate constants, k+kn and k+k2, from the global fit, could be decomposed into 

individual rate constants. However, these individual rate constants are less accurate than the combined 

rate constants due to the approximations involved in calculating the average number of monomers per 

fibril from cryo-TEM images. We note that, the elongation rate constant of Aβ5-42 is very similar to the 

previously reported elongation rate constant for Aβ42 (12). Thus, the increased aggregation rate of Aβ5-

42 compared to Aβ42 is likely to be due to accelerated primary nucleation and secondary nucleation 

processes (Fig. 1E). 

At low concentrations of seeds, the direct elongation contributes negligibly to the overall fibril mass. 

However, the lag-time was shortened by addition of preformed fibrils since the slow primary nucleation 
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step can be bypassed and secondary nucleation, that is catalyzed by the seeds, can occur immediately. 

Furthermore, the kinetics of the seeded experiments can be predicted from the rate constants obtained 

from the unseeded experiments, further supporting the presence of a multi-step secondary nucleation 

mechanism in the aggregation process of the Aβ5-42 peptides.   

Coaggregation of Aβ5-42 and Aβ42 

In addition to determining the aggregation mechanism for each Aβ species, it is of key relevance for the 

in vivo situation to find out how the aggregation process of one Aβ species affects the aggregation 

mechanism of coexisting Aβ species.  

Coaggregation of Aβ42 and Aβ5-42 was studied for heteromolecular mixtures of monomeric peptides 

at equimolar concentrations. Each aggregation curve was found to display a single sigmoidal transition, 

indicating that the two species undergo coaggregation (Fig. 2A). We have previously shown that 

mixtures of Aβ peptides that do not form coaggregates, e.g., mixtures of Aβ40 and Aβ42, produce 

biphasic aggregation curves (16), whereas mixtures of Aβ peptides that do form coaggregates, e.g., 

mixtures of Aβ42 and N-terminally extended Aβ42, display single sigmoidal transitions with reduced 

ThT intensity (9). We study the coaggregation using a 1:1 molar ratio since the probability of 

experimentally detecting coaggregation is greatest under this condition, although in vivo the ratio 

between Aβ5-42 and Aβ42 is most likely below 1:1. 

There was no detectable aggregation for 1:1 mixture below a total concentration of 2 µM Aβ, although 

aggregation of each peptide alone is observed well below 1 µM. The ThT fluorescence signal intensity 

was lower for fibrils formed from mixed samples than for those formed from the individual species and 

the ThT signal intensity was therefore too low to investigate the aggregation behavior of Aβ mixtures at 

concentrations below 2 µM. As shown in Fig. 2B, the sum of the individual ThT signals at the plateau 

for the aggregation of pure Aβ42 and Aβ5-42 is more than twice the signal obtained for the aggregation 

of the same concentrations of Aβ42 and Aβ5-42 together. In order to investigate if this decrease in signal 

was due to a decrease in the amount of aggregates present, rather than a change in fluorescence intensity 

per mole of aggregates, the fibrils were removed by centrifugation and the remaining monomers were 
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analyzed by gel electrophoresis (Supporting information, Fig S4). Since no monomeric peptides could 

be detected on the gel, the remaining concentration of monomeric peptide after fibrillation was below 

the detection limit, approximately 1 µM. This indicates that the decrease in fluorescence intensity is due 

to differences in ThT binding to fibrils formed from mixed samples as compared to homomolecular 

samples. This finding further strengthens our conclusion that mixed fibrils are formed and thus that 

Aβ42 monomers have the ability to elongate Aβ5-42 fibrils and vice versa.  

The half-times of aggregation for mixtures at varying concentrations were compared with the half-times 

of the aggregation of homomolecular Aβ42 and Aβ5-42 (Fig. 2C). The behavior of the aggregation rate 

of the mixture differs from the aggregation rate of the individual species. At low concentrations of the 

mixture of Aβ42 and Aβ5-42, the aggregation rate was similar to the overall aggregation rate of Aβ42, 

while at higher concentrations the rate was similar to the overall aggregation rate of Aβ5-42. Thus, the 

behavior of the mixtures of monomeric Aβ5-42 and Aβ42 is concentration dependent, indicating 

different effects on the microscopic steps of the aggregation process.  

 

Fig. 2. Coaggregation of Aβ42 and Aβ5-42. (A) Typical data for aggregation of 3 µM Aβ42 (blue), 3 

µM Aβ5-42 (red), 3 µM Aβ42 + 3 µM Aβ5-42 (dark green) and 1.5 µM Aβ42 + 1.5 µM Aβ5-42 (light 

green). (B) Relative ThT intensity obtained at the plateau from the coaggregated Aβ42 and Aβ5-42 

mixture to that of the sum of the individual ThT intensities. Error bars were obtained from three 

experiments with four technical repeats. (C) Half-times of aggregation for varying concentrations of 

Aβ42 (blue), Aβ5-42 (red), individual concentrations of equimolar mixtures of Aβ42 and Aβ5-42 (dark 
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green circles) and total concentrations of equimolar mixtures of Aβ42 and Aβ5-42 (light green circles). 

Error bars were obtained from 4 repeats.  

 

Cross-catalysis of Aβ42 and Aβ5-42 

Experiments where preformed Aβ42 fibrils were added to Aβ5-42 monomers and preformed Aβ5-42 

fibrils were added to Aβ42 monomers, reveal the cross-seeding capacity of the different fibrils (Fig. 3). 

We find that seeds consisting of both truncated and full-length peptides can accelerate the aggregation 

of the other species. However, seeds of Aβ42 caused a larger reduction of t1/2, i.e., the aggregation of 

both Aβ42 and Aβ5-42 monomers was accelerated more by the addition of Aβ42 seeds than by the 

addition of Aβ5-42. Furthermore, higher Aβ5-42 seed concentrations are required to significantly 

accelerate the aggregation process. This indicates that the N-terminal segment of Aβ peptides in fibrils 

is involved in either elongation or secondary nucleation. Regardless of seed species the monomeric 

forms of Aβ5-42 always aggregated faster than monomeric Aβ42 at the same concentration of preformed 

seeds.   

 

 

Fig. 3. Seeded aggregation kinetics of Aβ42 and Aβ5-42. Kinetic data for a representative experiment 

with four technical repeats for 2 µM Aβ42 monomer with Aβ42 seeds (A), 2 µM Aβ5-42 monomer with 
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Aβ42 seeds (B), 2 µM Aβ42 monomer with Aβ5-42 seeds (C), 2 µM Aβ5-42 monomer with Aβ5-42 

seeds (D). Half-times of Aβ42 fibril formation as a function of added seeds with addition of Aβ42 seeds 

shown in blue and addition of Aβ5-42 seeds shown in red (E). Half-times of Aβ5-42 fibril formation as 

a function of added seeds with addition of Aβ42 seeds shown in blue and addition of Aβ5-42 seeds 

shown in red (F). Non-normalized data is shown Supporting information Fig. S5. 

 

 

Fig. 4. Cross-seeding of Aβ42 and Aβ5-42. Aβ42 monomers with Aβ5-42 seeds (A) and of Aβ5-42 

monomers with Aβ42 seeds (B) at a range of different seed concentrations. Median values are shown in 

A and all data points are shown in Supporting information Fig. S6.  Seed concentrations below 0.3% 

are not shown in A as they show no significant difference from the unseeded case. The solid lines are 

fits to the data, using the rates from unseeded experiments and assuming that the seeds are simply 

elongated by the monomers to form fibrils that behave the same way as those formed in the absence of 

seeds. While the data in A are consistent with this model, the data in B are not and require a more 

complex mechanism for achieving and acceptable fit.  

 

Using the rates obtained for the unseeded aggregation of monomeric peptides, we further investigated 

the effect of cross-seeding. The minimal assumption, based on the observation of mixed fibrils in the 

coaggregation experiments, is that seeds of one species can be elongated through the addition of 

monomeric peptides of the other species. The effect of Aβ5-42 seeds on Aβ42 aggregation is consistent 
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with this minimal assumption, i.e., an elongation of Aβ5-42 seeds by Aβ42 monomers, at a rate much 

slower than for elongation of Aβ42 seeds, is sufficient to explain the observed behavior (Fig. 4A). By 

contrast, the effect of Aβ42 seeds on Aβ5-42 aggregation cannot be explained with this simple model 

(Fig. 4B). Most notably, the slope of the aggregation curves, determined by the elongation and 

secondary nucleation rates of the growing fibrils, increases with increasing Aβ42 seed amount. This 

observation indicates that the fibrils formed from Aβ5-42 monomers, in the presence of 0.1% or more 

of Aβ42 seeds, differ significantly from those formed from pure Aβ5-42 monomer. Fits using different 

models trying to describe this behavior are shown in Supporting information Fig. S7-8. The fact that the 

slope of the aggregation curves increases continuously as the seed concentration is increased, as 

reflected by the increase in k2 when fitted to the curves individually (Fig. S8), implies that the Aβ42 

seeds induce the formation of a new type of Aβ5-42 fibrils, which are not formed directly from Aβ5-42 

monomers and have a higher propensity to self-replicate. Cryo-TEM images reveal that fibrils formed 

from Aβ5-42 monomers and Aβ42 seed fibrils have reduced tendency to form large assemblies 

compared to Aβ5-42 and Aβ5-42 seeds (Fig. 5). Thus, the accessible surface area may be larger for 

fibrils formed in the presence of Aβ42 seeds which may contribute to the higher apparent k2 (Fig. S8). 

Morphology of aggregates 

Cryo transmission electron microscopy (cryo-TEM) was used to study aggregates of Aβ5-42, Aβ5-42 

seeded with preformed Aβ5-42 fibrils, Aβ5-42 seeded with preformed Aβ42 seeds, Aβ42 seeded with 

preformed Aβ5-42 seeds, Aβ42 seeded with preformed Aβ42 seeds and coaggregates of Aβ5-42 and 

Aβ42 (Fig. 5). The fibril length and twist distance varied in all samples, however, the average length of 

fibrils produced from unseeded Aβ5-42 was shorter than those from unseeded Aβ42. The average length 

of Aβ5-42 fibrils is 320 nm (SEM = 19, n = 116) and of Aβ42 fibrils is 760 nm (SEM = 46, n = 91), i.e. 

the ratio is 2.2. This ratio serves to verify the accuracy of the obtained rate constants in an independent 

measurement. Our model predicts the average fibril length to depend on the rate constants via 

𝜇0 ≈
2𝑘+𝑚0

𝜅
= √

2𝑘+(1+𝑚0
𝑛2/𝐾𝑀)

𝑘2𝑚0
𝑛2−1

            [1] 
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Using the values of the rate constants for Aβ5-42 determined here and those for Aβ42 determined in 

Cohen et al. (12) (assuming a secondary nucleation Michaelis constant of 6 µM for Aβ42) we obtain a 

ratio of lengths of 2.6, in good agreement with our experimental observations. 

 

 

Fig. 5. Morphology of Aβ fibrils. Cryo-TEM images of the end-state of reactions for samples initially 

composed of Aβ5-42 monomers (A), Aβ42 monomers (B), Aβ5-42 monomers seeded with Aβ5-42 

fibrils (C), Aβ5-42 monomers seeded with Aβ42 fibrils (D), Aβ42 monomers seeded with Aβ5-42 fibrils 
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(E), Aβ42 monomers seeded with Aβ42 fibrils (F) and an equimolar mixture of Aβ5-42 and Aβ42 

monomers (G).  

 

Effects of N-terminal truncation on the aggregation process 

Kinetic experiments in combination with theoretical analysis have shown that Aβ42 aggregation is 

dominated by autocatalytic secondary nucleation under quiescent conditions (12). We show that the 

overall aggregation rate of Aβ5-42 is significantly faster than for full-length Aβ42 under the same 

conditions. A global kinetic analysis allows us to translate the change in macroscopic aggregation 

behavior into the effects on the individual rate constants for primary nucleation, secondary nucleation 

and elongation. This analysis reveals a shift toward a mechanism where more fibrils are generated via a 

fibril-catalyzed nucleation reaction, a pathway that generates potentially toxic oligomers.  Furthermore, 

we find that the elongation rate constants do not notably differ between Aβ42 and Aβ5-42, but the rate 

constant of primary nucleation is significantly higher for Aβ5-42. As secondary nucleation saturates for 

Aβ5-42 in the sampled concentration range, whereas it does not for Aβ42, a direct comparison of 

secondary nucleation rate constants is not useful. Instead we consider the physical rate of formation of 

secondary nuclei, rather than just the rate constants, under representative conditions, at one monomer 

concentration. The relative predicted rates of secondary nuclei formation at 10% conversion of an 

initially monomeric sample at a concentration of 1 µM are shown in Fig. 1E, where Aβ5-42 has a 

significantly increased rate of secondary nuclei generation (by a factor of 100).  

As secondary nucleation is a multi-step process, with an initial attachment step, followed by a 

conversion/detachment step, one may ask the question which part of the multi-step mechanism is 

affected the most by the deletion of four N-terminal residues. Our result show one aspect that clearly 

contributes to the increased rate of secondary nucleation: the increased saturation of fibrils by surface-

bound Aβ5-42, compared to Aβ42 at the same concentration. The Michaelis constant of secondary 

nucleation, which determines the concentration at which the reaction is half saturated, was found to be 

√𝐾𝑀  ~ 0.6 µM for Aβ5-42, whereas a lower bound for KM in Aβ42 was previously estimated as √𝐾𝑀   

> 6 µM (this lower bound is used to estimate and compare the coverage of the two peptides in Fig. 1C) 
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(8). The second part of the process, the conversion/detachment step, is governed by the rate constant 

k2·KM, which was found to be 1.2 ± 0.3 · 10-6 s-1 for Aβ5-42 and can be estimated for Aβ42 using the 

above lower bound as > 0.4 · 10-6 s-1. Thus, the conversion rate for Aβ5-42 is comparable to the lower 

bound for the conversion rate of Aβ42 (within a factor of 3) and the increase in the overall rate of 

secondary nucleation is dominated by an increased attachment rate of Aβ5-42. The comparable 

conversion rates of the Aβ42 and Aβ5-42 suggests that no important interactions are formed by the N-

terminus during the conversion step. Neither does the N-terminal truncation appear to have any effect 

on the elongation rate implying that the transition state for elongation is similar for Aβ42 and Aβ5-42. 

By contrast, N-terminal extensions have been shown to reduce the elongation rate (9).    

The origin of the effects  

Aβ42 has a net charge between -3 and -4 at neutral pH with the charged amino acid residues located in 

the N-terminal or middle part of the protein. Two of the four removed amino acids in Aβ5-42 are 

negatively charged (Asp-1 and Glu-3), resulting in ca. two units less negative net charge of the truncated 

Aβ5-42 peptide compared to Aβ42. This results in reduced electrostatic repulsion between the 

monomers and between the monomers and fibrils and can partly explain the enhanced aggregation of 

Aβ5-42. It has been established in other studies that decreased repulsion between monomers and fibrils 

accelerates all microscopic aggregation steps and makes Aβ5-42 more susceptible to saturation of 

secondary nucleation (14). The attachment rate of the charged monomers to the charged fibrils is likely 

to benefit more from the charge change than the conversion and detachment rates, explaining why 

saturation of secondary nucleation is reached at a lower concentration of Aβ5-42 compared to Aβ42. 

Modulation of the electrostatic repulsion between Aβ42 peptides has been shown to greatly influence 

the aggregation behavior (14) and several of the familial mutations within the Aβ peptide, leading to 

early onset FAD, having lower net charge than Aβ42 and subsequently altered aggregation behavior 

(13). Similarly to Aβ5-42, several of the familial Aβ42 mutants with less negative charge have increased 

primary and secondary nucleation rates with the secondary nucleation rate becoming saturated and 

independent of monomer concentrations at high peptide concentrations (13). Another contributing factor 

to the rate enhancement comes from the shorter length of the non-amyloidogenic N-terminus of Aβ5-
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42. Hence, a general physicochemical effect involving increased frequency of productive molecular 

encounters for a shorter peptide may contribute to the increased primary and secondary nucleation rates 

of Aβ5-42. This physicochemical effect has been shown to explain the progressive retardation of the 

aggregation upon N-terminal extensions due to decreased probability of productive encounters for 

extended Aβ42 peptides (9).     

 

Both Aβ species cause membrane disruption  

Both N-terminally extended and truncated forms of Aβ are shown to have neurotoxic effects (15, 25). It 

is generally believed that oligomeric species formed during the aggregation of Aβ are the toxic species 

and several possible mechanisms generating the toxicity have been identified (reviewed in (26) and 

(27)). Specific binding of oligomers to receptors on cell membranes have been suggested to mediate 

toxicity as well as non-specific membrane disruption. Non-specific membrane disruption is believed to 

contribute to cellular damage making the cells permeable to Ca2+, resulting in Ca2+ influx and disruption 

of Ca2+ homeostasis (27-29).  

We applied a highly sensitive method that quantitatively measures the extent of membrane disruption 

caused by protein aggregates by measuring the Ca2+ influx into lipid vesicles (30). This method has 

previously been used to study potentially toxic Aβ42 aggregates (30). Lipid vesicles containing Ca2+-

sensitive fluorescent dye molecules were tethered to a passivated surface and the Ca2+ influx induced by 

Aβ42 or Aβ5-42 into individual vesicles were measured by monitoring changes in the fluorescence 

intensity using total internal reflection fluorescence microscopy (TIRFM). The Aβ samples were 

incubated at 37 °C under quiescent conditions and the Ca2+ influx was measured for 3 repeats of aliquots 

removed from the samples at the start of the aggregation reaction (t1), at the end of the lag-phase (t2) and 

at the plateau phase (t3) (Fig. 6). For each experiment, the background fluorescence was measured before 

the Aβ sample was added, and followed by addition of a cation transporting ionophore, ionomycin, 

which results in Ca2+ influx to saturation (Supporting information, Fig S9). This enabled calculation of 

the percentage of Ca2+ influx into each individual vesicle. The fluorescence intensity change was 
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measured for at least 700 vesicles per sample and averaged (30). The addition of monomeric Aβ5-42 or 

Aβ42 caused no detectable increase in fluorescence. By addition of Aβ aliquots taken from the end of 

the lag phase, t2 the fluorescence intensity within the vesicles increased due to Ca2+ influx. Aβ5-42 

caused Ca2+ influx into the vesicles to the same extent as Aβ42. Aliquots removed from the aggregation 

reaction in the plateau phase for Aβ42 and Aβ5-42 (t3) caused lower Ca2+ influx compared to those 

aliquots removed at t2, although higher than samples taken at t1.   

In summary, the extent of Ca2+ influx into vesicles, caused by the interaction of Aβ was comparable 

between Aβ42 and Aβ5-42 aliquots that were collected at the corresponding time-point during the 

aggregation process. Thus, the toxicity of the Aβ5-42 variant is within the error limit the same as of 

Aβ42 at equal peptide concentrations, i.e. within one standard deviation obtained from three 

independent measurements. Aβ42 oligomers have previously been shown to exert increased toxicity 

compared to monomers and fibrils in cells (12). Oligomer-binding molecules have been shown to reduce 

the Ca2+ influx caused by Aβ42 species collected at t2 implying that oligomers are the cause of Ca2+ 

influx into the lipid vesicles (30). Toxicity is dependent on the number of oligomers and toxicity per 

oligomer, thus the similar toxicity of Aβ5-42 and Aβ42 may be due to formation of similar amounts of 

oligomers with similar toxicity. The hydrophobic C-terminus is likely the major contributor to 

membrane permeabilization and this part of the peptide is identical in Aβ5-42 and Aβ42, thus the toxicity 

per oligomer is most likely similar. These findings, that elucidate the features of early assembly of Aβ 

species, are in line with previous studies which have shown that structural features of early oligomers 

of Aβ42 are most importantly controlled by the C-terminus while N-terminal truncations have little 

effect (31-33). Importantly, the species causing Ca2+ influx into the lipid vesicles are formed much faster 

from Aβ5-42 peptides than from Aβ42 peptides at the same concentrations due to the higher secondary 

nucleation rate of Aβ5-42. 
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Fig. 6. Aβ42 and Aβ5-42 cause comparable extents of Ca2+ influx into lipid vesicles. (A) 

Representative kinetic traces of the formation of amyloid fibrils by Aβ42 (blue) and Aβ5-42. Aliquots 

were removed from the aggregation reaction at time points corresponding to the start of the aggregation 

reaction (t1), the end of the lag phase (t2) and at the plateau phase (t3). (B) The measured Ca2+ influx into 

lipid vesicles caused by the samples removed from the aggregation reaction at t1, t2 and t3. 

Conclusion 

Many N-terminally truncated and extended Aβ species are present in vivo and the overall aggregation 

process is influenced by their individual aggregation propensity, as well as by their ability to coaggregate 

and to enhance the aggregation of the monomeric species of different lengths by catalyzing their 

nucleation on the fibril surface. N-terminally truncated Aβ5-42 displays an increased aggregation rate 

compared to full-length Aβ42. The rate constants of primary and secondary nucleation are significantly 

higher for Aβ5-42, while the elongation rate constants do not differ significantly between the species. 

In the case of Aβ5-42, an increased attachment rate of monomeric peptide to existing fibrils results in 

an increased coverage of the fibril surface and thus saturation of secondary nucleation at lower 

concentrations of Aβ5-42 compared to Aβ42. The increased attachment rate is most likely facilitated by 

the less negative charge of Aβ5-42 causing less electrostatic repulsion between monomers and fibrils. 

An increased frequency of productive molecular encounters for a shorter peptide may also contribute to 

the increased primary and secondary nucleation rates of Aβ5-42. Aβ5-42 and Aβ42 were found to 

coaggregate into heteromolecular fibrils. Monomers of both species are able to elongate homomolecular 

fibrils of each species. Only Aβ42 can act as a catalyzing surface for nucleation of the other species. 

Importantly, the extent of Ca2+ influx into vesicles and thus the ability to disrupt membranes was found 
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to be similar for the Aβ5-42 and Aβ42 species at comparable stages of their aggregation indicating that 

Aβ5-42 has comparable toxic effects to the full-length form of Aβ42. Noteworthy, the formation of Aβ5-

42 species responsible for membrane disruption is accelerated due to the increased secondary nucleation 

rate compared to Aβ42, thus the toxic effect emerges more quickly for Aβ5-42. 

 

Materials and Methods 

Expression and purification of Aβ 

The peptides Aβ1-42 and Aβ5-42, with amino acid sequences MDAEFRHDSGYEVHHQKLVFFAED 

VGSNKGAIIGLMVGGVVIA and MRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA, 

respectively, were expressed and purified essentially as previously described (34). Throughout, Aβ42 

refers to Aβ42(M1-42) and Aβ5-42 refers to Aβ(M5-42). For Aβ5-42, 1.0-1.8 M urea was included in 

the ion exchange elution buffers. In short, the cells were disrupted by sonication (three times), the pellet 

dissolved in 8 M urea and purified by ion exchange chromatography on DEAE cellulose in batch format. 

The sample was diluted to 2 M urea before loading on the resin, and the wash and elution buffer 

contained 1.8 and 1.6 M urea at 10 mM NaCl, 1.4 and 1.2 M urea at 25 mM NaCl and 1.0 M urea at 100 

mM NaCl. The eluted protein was passed through hydrosart 30 kDa Mw cutoff filter, concentrated on 5 

kDa Mw cutoff filter, and stored as lyophilized aliquots. For aggregation experiments the lyophilized 

purified Aβ42 and Aβ5-42 were dissolved in 6 M GuHCl for 30 min and subjected to gel filtration on a 

Superdex 75 10/300 GL column in degassed 20 mM sodium phosphate buffer, pH 8, with 200 µM 

EDTA and 0.02% NaN3. The centers of the monomer peaks were collected on ice and the concentrations 

were determined by absorbance at 280 nm using ε280 = 1440 L.mol-1cm-1. The gelfiltration step was 

undertaken to remove pre-existing aggregates and to exchange the buffer. All chemicals were of 

analytical grade. 

Kinetic assay  

Highly pure recombinant peptides were used to guarantee homogeneous sequence, which enables 

quantitative analysis of the microscopic steps involved in the aggregation process. To enable kinetic 
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analysis of Aβ5-42 the use of recombinant peptide is a prerequisite, however, the requirement of a start 

codon resulted in addition of a methionine residue at the N-terminus. In practice, this means that the 

hydrophobic phenylalanine located at position four in the Aβ42 sequence was replaced by another 

hydrophobic residue.  

The aggregation of Aβ5-42 was studied at 17 different monomer concentrations between 0.125 and 5 

µM, at 37 °C, under quiescent conditions. All samples contained 6 µM thioflavin T (ThT) and were 

prepared on ice in low-bind Eppendorf tubes (Genuine Axygen Quality, Microtubes, MCT-200-L-C). 

The aggregation kinetics was measured in Corning 3881, 96-well half-area plates of black polystyrene 

with clear bottom and PEG coating. Each well was carefully loaded with 80 µL peptide solution and the 

plates were sealed with a plastic film (Corning 3095). The ThT fluorescence was measured using a 

Fluostar Omega or Fluostar Optima plate reader (BMG Labtech Offenburg, Germany), with the 

excitation and emission at 440 and 480 nm, respectively. Measurements were undertaken approximately 

every second minute and studied on three separate occasions with quadruplicate samples for each 

concentration. 

Preseeded kinetic assays 

Aβ42 and Aβ5-42 fibrils in 20 mM sodium phosphate buffer, pH 8, with 200 µM EDTA and 0.02% 

NaN3 were prepared in 96-well half-area plates of black polystyrene with clear bottom and PEG coating 

by monitoring the fluorescence of the corresponding samples with ThT added. The formed fibrils were 

used as seeds and added to samples containing 2 µM monomeric Aβ42 or Aβ5-42, prepared as described 

above. The seed concentrations ranged between 0.001% and 10%. Both self-seeding (Aβ5-42 seeds 

added to Aβ5-42 monomers and Aβ42 seeds added to Aβ42 monomers) and cross-seeding (Aβ5-42 

seeds added to Aβ42 monomers and Aβ42 seeds added to Aβ5-42 monomers) were investigated. 

Measurements were performed on three separate occasions with quadruplicate samples for each 

concentration. 

Coaggregation   
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Coaggregation kinetics of Aβ42 and Aβ5-42 were studied at equimolar concentrations of the two 

proteins ranging from 1 µM to 3.5 µM of each protein. Kinetic measurements were performed on three 

separate occasions with quadruplicate samples for each concentration, as described in Kinetic assay.  

In order to investigate whether the decrease in signal was due to a decrease in the amount of aggregates 

present, rather than a change in fluorescence intensity per mole of aggregates, equimolar mixtures of 

Aβ42 and Aβ5-42 at individual concentrations ranging from 1-3.5 µM were aggregated at 37 °C under 

quiescent conditions in the absence of ThT and after aggregation the samples were centrifuged at 13 000 

rpm for 1 min and 10 µl were taken from the top of the sample to avoid fibrils. Monomeric samples kept 

on ice during the fibrillation were treated the same way. Samples were analyzed on a Novex 4-20% 

Tris/tricine protein gel (Thermo Fischer Scientific) using as Mw standard a SpectraTM Multicolor Low 

Range protein ladder (Thermo Fischer Scientific). 

Kinetic Analysis 

Global analysis of Aβ5-42 aggregation kinetics to extract the rate constants for primary nucleation, 

secondary nucleation and elongation was performed using the online Amylofit platform (23). Three 

repeats of Aβ5-42 aggregation experiments were uploaded, normalized and fitted. The integrated rate 

law for the normalized aggregate concentration is  

[𝑀]

[𝑀]∞
= 1 − (1 −

[𝑀]0
[𝑀]∞

) 𝑒−𝑘∞𝑡 ∗ (
𝐵−+𝐶+𝑒

𝜅𝑡

𝐵++𝐶+𝑒
𝜅𝑡 ∗

𝐵++𝐶+

𝐵−+𝐶+
)

𝑘∞

𝑘̅∞𝜅    [2]

    

where the parameters are defined by 

𝜅 = √2[𝑚]0𝑘+
[𝑚]0

𝑛2𝑘2

1+[𝑚]0
𝑛2/𝐾𝑀

   [3] 

𝜆 = √2𝑘+𝑘𝑛[𝑚]0
𝑛𝑐   [4] 
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𝑘+[𝑃]0

𝜅
±

𝑘+[𝑀]0

2[𝑚]0𝑘+
±

𝜆2

2𝜅2
   [5] 
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𝑘∞ = 2𝑘+[𝑃]∞   [6] 

𝑘̅∞ = √𝑘∞
2 − 2𝐶+𝐶−𝜅

2   [7] 

𝐵± =
𝑘∞±𝑘̅∞

2𝜅
    [8] 

where [m]0 is the initial monomer concentration, [P]0 is aggregate number at the start of the reaction, 

[P]∞ is the aggregate number at equilibrium, that is, after reaction completion, [M]0 is the mass 

concentration of fibrils at the start of the reaction and [M]∞ is the mass concentration of fibrils at 

equilibrium. kn, k2, k+ are the rate constants for primary nucleation, secondary nucleation and elongation 

respectively. KM is the saturation constant for secondary nucleation and n2 and nc are the monomer 

scalings of primary and secondary nucleation. nc = n2 = 2 was used for fitting of Aβ5-42 aggregation 

kinetics.  

Estimation of the elongation rate constant 

The elongation rate constant was estimated by adding 2 µM preformed Aβ5-42 fibrils to varying 

concentrations of Aβ5-42 monomers. The initial gradients of the kinetic profiles are given by dM/dt = 

2k+m0P0, where M is the fibril mass concentration and P0 is the initial fibril number concentration, and 

by plotting the initial gradient vs m0 the slope gives k+P0. The curvature of this plot also give insight to 

the saturation of the elongation rate. The number of fibrils was estimated by measuring the average end 

to end distance and width of 116 individual Aβ5-42 fibrils from cryo-TEM images using ImageJ. The 

average length of fibrils was 320 ± 19 nm and the average width was 8.4 ± 2.5 nm. Assuming that the 

average protein density is 1.3 g/mL and the molecular weight is 4.18 kDa per Aβ5-42 peptide, the 

average number of monomers per fibril could be estimated to 3676. Since the average seed mass 

concentration, M0, was known P0 could be estimated. From the initial gradient of the seeded experiments 

2k+P0 was approximately 2.4 · 10-3 s-1. Together with the number of monomers per fibril the elongation 

rate constant was estimated to approximately 2.2 · 106 M-1s-1.  

Cryo-TEM 
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Monomeric Aβ42 and Aβ5-42 were prepared as described above. Five different conditions were studied 

using cryo-TEM: Aβ5-42, coaggregation of Aβ42 and Aβ5-42, cross-seeding of Aβ42 and Aβ5-42 (with 

either Aβ42 or Aβ5-42 seeds) and self-seeding of Aβ5-42 and Aβ42. The total Aβ concentration was 10 

µM and aggregation experiments were performed with and without ThT, at 37 °C, under quiescent 

conditions. A sample without ThT was taken when the aggregation reaction reached the plateau value 

and 5 µL were loaded to a thin film on a lacey carbon filmed copper grid, <300 nm thick, and flash 

frozen in liquid ethane at -180 °C and stored under liquid nitrogen. Images were acquired using a 120 

kV electron microscope (Philips CM120 BioTWIN Cryo).   

Ca2+ influx assay 

The single vesicle assay was carried out as previously described (30) and in the Supporting Information. 

Shortly, vesicles, with a mean diameter of 200 nm, filled with Cal-520 were prepared by freeze-thawing 

cycles followed by extrusion and gel filtration before they were tethered to a microscopy cover slide 

through neutravidin biotin linkage. Monomeric Aβ42 and Aβ5-42 were isolated and aggregated at 37 

°C under quiescent conditions. Samples for the Ca2+ influx assay were taken before incubation, at the 

end of the lag phase and at the plateau phase. For each sample (total internal reflection fluorescence 

microscopy) TIRFM images were acquired under three conditions: in the presence of Ca2+ buffer, after 

the addition of Aβ sample and after the addition of an ionophore. The fluorescence intensity of at least 

700 vesicles per sample were analysed using Fiji (35) and the relative influx of Ca2+ caused by the Aβ 

peptides was determined. Finally, the average Ca2+ influx was calculated by averaging over the Ca2+ 

influx into individual vesicles. The reported values are mean values from three independent 

measurements.  
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