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We employed α-hemolysin (α-HL) nanopore as single-molecule 
tool to investigate the effects of initial structure on the 
amyloidosis process. The initial structure difference of two β-
amyloid (Aβ) peptides (Aβ25-35 and Aβ35-25) could be real-time 
distinguished due to their characteristic blockades. More 
importantly, the distinct aggregate dynamics for these two kinds 
of Aβ fragments can be readily analyzed by monitoring the 
blockade frequecy over time. 

Introduction  

Alzheimer disease (AD) is associated with the pathological 

self-assembly of β-amyloid (Aβ) peptide into toxic soluble 

oligomers and then into insoluble fibrils. Typically, an Aβ 

peptide is excessively formed in AD brains by processing of the 

amyloid precursor protein (APP).
1-4

 The origin of Aβ 

aggregation is essential for developing an understanding of the 

pathologic process of amyloidosis. Previous studies 

demonstrate that monomeric intermediate of Aβ can affect 

aggregation kinetic behaviour that follows.
5
 However, the 

correlation between initial structural differences of single 

monomeric Aβ and the assembly process of individual Aβ 

peptide over time remains to be explored. The traditional 

methods such as circular dichroism spectrum
6 

and UV 

spectroscopy
7 

could only provide information about the bulk 

solution rather than the individual features. Electron 

microscopy
8, 9

 techniques provide the clear information on the 

structure of Aβ aggregates in solid-state, which are incapable 

of studying morphological changes in aqueous solution. 

Therefore, it currently exists a critical need to interpret the 

initial structural effects of a monomeric Aβ peptide on the 

dynamic behaviours of an individual Aβ aggregates in aqueous 

solution.  

Nanopore technique provides a powerful tool to explore the 

single-molecule properties of peptides in aqueous solution 

without destroying the morphology of the analytes.
10-13

 By 

applying a transmembrane potential, a single peptide is driven 

through a nanopore, which produces the transient changes in 

ionic current. The analysis of duration, current amplitude as 

well as the occurrence of each blockade reveal the 

characteristics of an individual peptide.
14-16

 The previous 

attempts in nanopores have emerged to reveal the progressive 

changes of Aβ peptides in the view of their structures or sizes. 

For example, a lipid-coated solid-state nanopore was 

fabricated to characterize the size distribution of Aβ1-40 

oligomers.
17

 A protein nanopore demonstrated the potential 

for investigating the interactions between β-amyloid peptide 

fragment Aβ16-22 with various metals.
18, 19

 A previous work in 

our group used α-hemolysin (α-HL) protein pore to probe the 

aggregation transition of Aβ1-42 induced by Congo red or 

inhibited by β-cyclodextrin.
20 

In this work, we used an α-HL 

pore to monitor the initial structure features on the time-

dependent aggregation process of two β-amyloid peptide 

fragment, Aβ25-35 and Aβ35-25, which possess the different 

structure resulted from different charged states of terminal 

residues. Aβ25-35 is a fibril-forming peptide (sequence 

GSNKGAIIGLM), containing functional domain of full-length β-

amyloid peptides to forming β-sheet structure. It maintains the 

biologically active and toxic form of the full-length Aβ 

monomer.
2
 The reversible-sequence Aβ35-25 which prefers 

random coil structure could abolishes the oxidative stress and 

neurotoxic properties.
22 

Herein, the initial structural difference 

of Aβ25-35 and Aβ35-25 was real-time characterized by an α-

HL nanopore (Fig. 1). The structures of random coil and β-

sheet for a single monomeric Aβ exhibit two characteristic 

blockades, respectively. Nanopore monitoring of the following 

self-aggregate process clearly demonstrated that Aβ25-35 

aggregates quickly whereas Aβ35-25 maintains their 

monomeric structure in the solution. 
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Fig. 1 Illustration of Aβ35-25 and Aβ25-35 traversing through the α-HL pore. Aβ35-25 

and Aβ25-35 adopt random coil (red) and β-sheet (blue) as their initial structures, 

respectively. Their initial structures could be real-time distinguished by their 

characteristic blockades. A biological α-HL nanopore was embedded in a lipid bilayer. 

The two compartments of the bilayer cell are termed as cis and trans. The cis 

compartment was defined as the virtual ground. The potential was applied using a pair 

of Ag/AgCl electrodes. The current traces were recorded in solutions containing 1.0 M 

KCl, 10 mM Tris, and 1 mM EDTA buffer (pH = 8.0) at – 60 mV. 

Results and discussion 

The mushroom-shaped α-HL consists of a cap domain 

termed as cis side and a β-barrel facing the trans side with 

diameter of approximated 20 Å along the lumen region.
23 

Here, 

The freshly prepared peptides were driven towards the trans 

side of the lumen to promote the interactions between 

peptides and the lumen of the pore (Fig. 1). The current traces 

of Aβ35-25 and Aβ25-25 are shown in Fig. 2a-b. The 2D 

contour plots display that the majority of the events for 

monomeric Aβ35-25 is concentrated on the population I (PI) 

with a low current amplitude and a short duration time (Fig. 

2c). In contrast, Aβ25-35 produces characteristic distributions 

labelled as PII with a high current amplitude at a centre of I/I0 

= 0.63 ± 0.02 (Fig. 2d and Fig. S1). Here, I is defined as the 

blockage current amplitude produced by the analyte and I0 as 

the open pore current. Voltage-dependent studies of Aβ 

fragments show that both the interval time (τON) and blockade 

durations (τOFF) of Aβ35-25 decrease with the increasing 

negative potential (Fig. 3a-b). As a previous study suggested 

that the frequency of bumping events decrease with the 

applied potential.
24

 Therefore, the collisions of Aβ35-25 

towards the trans opening of the pore have little contribution 

to PI. Associated with the low amplitude of PI events and 

voltage-dependent increase of OFF, we attribute PI events of 

Aβ35-25 mainly to the translocation events of random-coil 

structure through the α-HL from its trans side in aqueous 

solution.
18

  

Since Aβ25-35 generated two populations as PI and PII (Fig. 

2d), we further analysed the intervals and durations for each 

population in detail. As shown in Fig. 3c, the intervals for PI 

(τON-I) and PII (τON-II) decrease with increasing negative 

potential. Similar to Aβ35-25, the duration time corresponding 

to PI (τOFF-I) of Aβ25-35 generates positive voltage dependence 

(Fig. S2). The circular dichroism spectra revealed that Aβ25-35 

contains both random coil and β-sheet structure in aqueous 

solution.
25

 Therefore, the PI events of Aβ25-35 is mainly 

ascribed to the translocation of random coil form of Aβ25-35 

through the α-HL. However, the duration time of PII (τOFF-II) 

increases with the negative applied potentials (> - 60 mV), and 

reaches a  

 

Fig. 2 Representative current traces of (a) Aβ35-25 and (b) Aβ25-35. 2D contour plots of 

(c) Aβ35-25 and (d) Aβ25-35. The majority of blockades for Aβ35-25 are located in I/I0 < 

0.57. The blockades of Aβ25-35 are classified into two populations as PI and PII. The 

population ranging from I/I0 of 0.57 to 0.70 was defined as PII, whereas the population 

of I/I0 < 0.57 was appointed to PI. The range of PII is determined by the width of a 

Gaussian peak (see Fig. S1). The peptides were added from the trans chamber 

containing 1.0 M KCl at an applied potential of -60 mV. The concentrations of the 

analyte were kept at 500 μM. The stars indicate the capture of random coil (red) and β-

sheet (blue) of Aβ peptides.  

minimal value at -60 mV (Fig. 3d). Since the lacking of a 

peptide-pore interaction originates a monotonically decreasing 

function of durations with the potential, the non-

monotonically voltage-dependent change of τOFF-II suggests 

that the peptide strongly interact with the α-HL protein pore 

before translocating through cis side or exiting from trans 

side.
24

 The X-ray diffraction measurements of Aβ25-35 give 

rise to a 4.5 ± 0.1 Å distance between two neighbouring chains 

of a β-sheet secondary structures and a 10.6 Å distance 

between side chains of β-sheet structure.
26

 Because the 

average diameter of lumen for α-HL is approximate 20 Å,
23

 β-

sheet structure of Aβ25-35 could undergoes strong 

interactions with the pore lumen before exiting from either 

the trans or cis opening, inducing a volume exclusion of the 

ionic current. By recognizing the characteristic blockades, the 

β-sheet structure of Aβ25-35 could be well distinguished with 

α-HL pore in real time (Fig. 2b). As shown in Fig. 3c, the PI 

events of Aβ25-35 exhibit higher probability at a less negative 

potential (- 40 mV and - 60mV) compared with PII events. As 

the potential shifts to more negative ones (<-60mV), the 

occurrence of PII events is higher than that of PI events. This 

may be resulted from the decrease of bumping events in PI 

with increasing negative potential.
24

 The structure difference 

between Aβ35-25 and Aβ25-35 suggest that the structure in Aβ 

monomer mainly results from the distribution of charged 

residues. In Aβ25-35, the interactions between positive side 

chain of the K28 and the negative C-terminus make it capable 

to form β-hairpin conformation.
27

  

In order to study the initial structural effects of Aβ25-35 and 

Aβ35-25 on the self-aggregation tendency, we compared event 

frequencies of Aβ25-35 and Aβ35-25 with incubation time 

period of 84 h, respectively. As shown in Fig. 4a-b, the 

frequency of both PI and PII blockades for Aβ25-35 displays a 

strong time-  
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Fig. 3 Voltage dependence of τON (a) and τOFF (b) for the freshly prepared Aβ35-25 

peptide. The effect of voltage on the value of τON (c) and τOFF (d) for the PI (red) and PII 

(blue) blockades of the freshly prepared Aβ25-35. Fig. S2 displays the plots of voltage-

dependent duration for Aβ35-25 and Aβ25-35 in the same scale. The values of τON were 

carried out by the single-exponential fittings and τOFF were fitted by Gaussian function 

(see Fig. S3). A large value of τON suggests that the blockades occur at a low frequency 

and vice versa. Data of the errors were based on three separate experiments. The 

concentration of the analyte were kept at 500 μM.  

dependent decrease. Moreover, our studies demonstrate that 

the blockade frequency of β-sheet structure is proportional to 

the increasing concentration of freshly prepared Aβ25-35 (Fig. 

S4). Therefore, the transformation of initial structures of Aβ25-

35 into larger aggregates produced a decrease of event 

frequency with the incubation time. The scatter plots of Aβ25-

35 solutions that had been permitted to aggregate for various 

hours show that there are no new distributions of blockades 

comparing with freshly prepared sample (Fig. 4a). These 

results indicate that the large aggregates are hardly driven to 

the trans opening of the α-HL pore at applied potential due to 

the less charge exposed in larger Aβ aggregates.
28

 In general, 

the amyloidosis process follows a sigmoidal curve including 

initial lag phase, fast exponential growth and a plateau.
29

 The 

aggregation rate k can be extracted by fitting a single 

exponential to the growth phase.
30

 In order to obtain the 

aggregation rate in our nanopore experiments, the frequency-

time curve of β-sheet structure were fitted into a single-

exponential function, giving the k of 5.45 × 10
-5 

s
-1

. In addition, 

a rapid decrease for the frequency of β-sheet structure in 

Aβ25-35 is accompanied by a fall in the frequency of random 

coil. However, the event frequency of random coil structure in 

Aβ35-25 remains relative constant with the incubation time 

(Fig. 4b). A previous study by CD spectrum demonstrates that 

random coil structure has a tendency to transform into β-sheet 

structure in the aggregate process.
6
 Therefore, we could 

speculate that the random coil structure in Aβ25-35 undergoes 

structure conversion to form β-sheet structured fibrils. 

Similarly to Aβ25-35, there were no new distributions of Aβ35-

25 occurring along with incubation time (Fig. S5). These results 

reveal that Aβ35-25 with random coil structure is reluctant to 

aggregate in a long incubated time, which in agreement with  

 

Fig. 4 (a) Scatter plots of Aβ25-35 blockades within 5 mins recording for the incubation 

time of 0 h, 44 h and 84 h, respectively. (b) Frequency of blockades for Aβ25-35 (PI in 

red diamond and PII in blue triangle) and Aβ35-25 (red square) versus incubation time. 

The frequency-time curve of Aβ25-35 were fitted into a single-exponential function f = 

A + B*exp(-kt). Data of the errors were based on three separate experiments. The 

peptides were added from the trans chamber containing 1.0 M Tris-KCl at an applied 

potential of -60 mV. 

non-neurotoxicity of this peptide.
22 

On the basis of previous 
hypothesis for aggregate mechanism, fibrils Aβ molecules are 
organized in antiparallel β-sheets structure, which formed by 
residues 31−34 and 28−30 of vicinal peptide and the 
interactions between the hydrophobic side chains of two other 
monomers.

27 
The β-sheet structures are considered as the 

“seeds” to prompt Aβ monomers to aggregate into soluble 
oligomer, then into insoluble β-amyloid plaque.

31 
The MD 

simulation shows β-sheet structures exist as intermediate in 
early aggregate and their stability is associated with aggregate 
rate.

 5
 This is consistent with our results that Aβ25-35 is prone 

to forming β-sheet structure and promotes aggregate process 
followed. 

Conclusions 

In summary, we employed α-HL as a single-molecule tool to 

real-time investigate self-assembly property of two β-amyloid 

peptide fragments, Aβ25-35 and Aβ35-25, which possess the 

different initial structures. Our study obtains two characteristic 

blockades which are assigned to random coil and β-sheet of Aβ 

fragments, respectively. Further analysis of the event 

frequency shows the distinct aggregate kinetics for these two 

Aβ fragments. Our research sheds light on the initial structural 

effects of Aβ peptide on its conformational transition from 

monomeric amyloid β-peptide into large aggregates, which 

would benefit the understanding of the amyloidosis in AD.  
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