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Unravelling the role of amino acid sequence order in the 

assembly and function of the amyloid-β core†  

Santu Bera,a  Elad Arad,b Lee Schnaider,a Shira Shaham-Niv,a Valeria Castelletto,c Yossef Peretz,b 

Dor Zaguri,a Raz Jelinek,b Ehud Gazit,*a and Ian W. Hamley*c 

The amino acid sequence plays an essential role in amyloid 

formation. Here, using the the central core recognition module of 

the Aβ peptide and its reverse sequence, we show that although 

both peptides assemble into β-sheets, their morphologies, kinetics 

and cell toxicities display marked differences. In addition, the 

native peptide, but not the reverse one, shows notable affinity 

towards bilayer lipid model membranes that modulates the 

aggregation pathways to stabilize the oligomeric intermediate 

states and function as the toxic agent responsible for neuronal 

dysfunction.  

 

There is an intense effort to elucidate the mechanism formation 

of amyloid structures by proteins and peptides, motivated by its 

relevance to understanding the misfolded structures, believed to 

cause diseases including Alzheimer’s.1 The formation of fibrillar 

and oligomeric states of the Amyloid  (Apeptide is 

implicated in the progression of this condition. The substantial 

research activity on A has led to identification of a core 

aggregation domain which encompasses the A(16-22) Ac-

KLVFFAE-NH2 sequence.1,2 This peptide has been shown to 

form fibrils or nanotubes, depending on the solution conditions.3 

The core domain includes the FF sequence, which is believed to 

drive aggregation due to aromatic stacking interactions.4 The 

analogous peptide NH2-AAKLVFF-OH was also found to form 

fibrils and nanotubes in different conditions.5  

The oligomerization propensity of A-driven peptides is known 

to be related to their interaction with lipid bilayers.1d,6 Lipid 

membranes may (partially) unfold the peptide, increase the local 

concentration of membrane-bound peptide molecules, and 

facilitate aggregation by aligning the peptide. In addition, lipid 

rafts are implicated in Aβ dimer and oligomer formation and may 

provide platforms for selective deposition of different Aβ-

aggregates. 

In the field of amyloid assembly, the influence of the sequence 

order has rarely been systematically examined.7 Reverse full A 

peptides A(42-1) and A(40-1) are sometimes used as negative 

controls in AD-related animal cytotoxicity studies and in A 

production assays.7 Similarly, the reverse A(35-25) peptide is 

used as a control in studies using A(25-35).7,8 The retro-inverse 

A peptide ffvlk (D-amino acids) has been shown to bind Aβ40 

fibrils with moderate affinity, but this binding can be 

significantly enhanced by attaching multiple copies of this 

peptide to an eight-arm branched PEG.9 In a recent study on a 

different amyloid peptide, the aggregation of a transthyretin 

fragment conjugated to RGD was compared to that of the reverse 

peptide, and both were found to form similar fibrillar 

assemblies.10 Serpell and coworkers have recently studied the 

self-assembly of the full length A1-42 and its reverse 

sequence.7a Although both the peptides found to self-assemble 

into fiber structures, the reverse sequence has reduced effect on 

cellular health. 

Here, for the first time, we compare the conformation and 

aggregation of A(16-22), the core recognition motif of A and 

the reverse peptide A(22-16). In addition, the cytotoxicity of 

the two peptides towards model neuronal cell line is investigated. 

Significant differences in the self-assembly kinetics and neural 

toxicity are observed. We further study the interactions of both 

pseudo-zwitterionic peptides with a model zwitterionic lipid 

mixture. The native peptide shows strong affinity towards lipid 

vesicles, resulting in stabilization of the oligomeric state by 

modulation of the aggregation kinetics thereby leading to 

toxicity. However, the reverse peptide has minimal affinity for 

the bilayer lipid vesicles as it self-assembles very quickly into 

mature fibers, which in turn are non-toxic to cells. 

We first investigated the morphology of self-assembled 

nanostructures fabricated by the two peptides at neutral pH (~7) 

after aging for two weeks. Fig. 1a-f shows transmission electron 

micrograph (TEM) and atomic force micrograph (AFM) images 
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of the peptides. Amyloid-like straight, unbranched fibers 10-15 

nm in diameter and length reaching to several microns were 

observed for both peptides. The CD spectra of both peptides 

showed typical peaks of a β-sheet secondary structure. The 

spectrum for the native peptide contained negative maxima at 

217 nm with a positive peak at 202 nm (Fig. 1g). For the reverse 

peptide, the negative maxima was observed at 218 nm, with a 

positive peak at 198 nm (Fig. 1h). Thus, both the peptides self-

assembled to produce a β-sheet structure, with the peaks slightly 

red shifted as compared to canonical β-sheet probably due to 

strong π-π stacking interactions. The high conformational 

flexibility of the peptide backbone was evaluated by temperature 

dependent denaturation experiments (ESI Figure S1, S2). Fourier 

transform infrared (FTIR) spectroscopy was employed to further 

confirm the preferred secondary structure. The native peptide 

showed a vibrational band at 1627 cm-1 in the amide I region, in 

correlation with a β-sheet conformation (Fig. 1i). The reverse 

peptide showed a peak at 1628 cm-1 with a shoulder at 1664 cm-

1, also indicating the predominate presence of a β-sheet structure 

(Fig. 1j).  

To evaluate the details of the peptide molecular packing in the 

self-assembled fibers, small angle X-ray scattering (SAXS) was 

carried out. The SAXS intensity profiles (ESI Figure S3) showed 

an initial q-2 slope for both samples, consistent with flattened 

nanotape-like fibrils. Correspondingly, the data was fitted to a 

suitable form factor used for peptide nanotape fibrils.11 The 

results showed a clear differences between the molecular 

arrangement of the two peptides. The polydispersity in fibril 

diameter was much higher for A(16-22) in comparison to 

A(22-16), and for the later a form factor maximum allowed an 

estimation of nanotape thickness, (42.0 ± 9.7) Å, corresponding 

to approximately one bilayer based on the expected length of a 

-sheet heptapeptide (7x 3.2 Å = 22 Å). The fibril dimensions 

are in agreement with the TEM and AFM imaging (Fig. 1). 

The kinetics of fiber formation was monitored by TEM 

imaging.12 Starting from small nucleation sites at 4 h, the native 

peptide transformed into mature fibers through intermediate 

aggregation steps over a time period of four to seven days (Fig. 

2a). In contrast, the reverse sequence showed structure formation 

at a much faster rate (Fig. 2b). Ordered structures were observed 

after 17 h, and the self-assembly process was complete within 

four days. Thus, the intermediate aggregation rate of oligomers 

was significantly faster for the reverse peptide. The assembly 

process was further studied by following the CD spectra over 

time. Initially, the native peptide showed a negative peak near 

200 nm, resembling a random coil conformation. Time-induced 

structural conversion from random coil into β-sheet ellipticity 

was identified after 4 days (Fig. 2c). The molar ellipticity became 

stronger over time and plateaus after 10 days. The time-

dependent conformational transition from random coil to β-sheet 

is similar to that of other previously studied Aβ-derived 

peptides.13 The reverse peptide also elicited a similar structural 

transition, but with a different kinetics. Under similar conditions, 

the reverse peptide transformed from random coil into 

characteristic β-sheet ellipticity in 1 day (Fig. 2d). Over time, the 

peaks red shifted due to either strong aggregation through π-π 

stacking interaction of the aromatic residue or twisting of the β- 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 1 (a) TEM and (b,c) AFM images of A(16-22). (d) TEM and (e,f) 

AFM images of A(22-16). (g,h) CD spectra for A(16-22) (g) and 

A(22-16) (h). (i, j) FTIR spectra for the native peptide (i) and its reverse 

sequence (j). 

 

sheet conformation during fiber formation.5b The kinetics of β-

sheet formation by the two peptides, as shown by CD, was 

consistent with the morphological transition observed in the 

TEM images. However, it is extremely difficult to explain the 

different aggregation rates of the two peptides, as the molecular 

events involved in the aggregation process of oligomers still 

remain poorly defined. Also, the higher negative ζ-potential 

values for the reverse peptide, compared to the native peptide 

(Fig. 3a), indicated different surface charges and electrostatic 

repulsion between the molecules for the two peptides in the self-

assembled state.  

To explore whether these fibrillation processes play a role in the 

cytotoxicity of the corresponding peptides, similar to amyloid 

aggregates, we performed a 3-(4,5-dimethylthiazolyl-2)-2,5- 

diphenyltetrazolium bromide (MTT) cell viability assay using 

the SH-SY5Y neuronal cell line. In the presence of the native 

peptide, cell viability decreased to approximately 70% within a 

short period of time (6 h), indicating substantial cell cytotoxicity    

 (Fig. 3b). However, under similar experimental conditions, the 

reverse peptide showed no effect on the cells akin to the control 

experiment. A similar toxicity profile for the two peptides was 

also observed for another cell line, namely PC12 (ESI Figure 

S4). The differences in the toxicity are probably due to the 

intermediate oligomers formed by the native peptide during the 

fibrillization pathway, leading to toxicity. The mechanism of 

amyloidogenic protein/peptide aggregation typically involves a 

conformational switch, with oligomer formation leading to 

protofibrils and finally mature fibrils. Although the mature fibers 

were initially believed to be responsible for disease    
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Fig. 2 (a,b) Kinetics of fiber formation as observed by TEM for A(16-

22) (a) and A(22-16) (b). (c,d) CD spectra showing the transition from 

unstructured conformation into β-sheet over time for A(16-22) (c) and 

A(22-16) (d). 

 

pathogenesis, recent evidence suggests oligomeric intermediates 

are the most toxic species.14 Our kinetic study evidently showed 

that the rate of self-assembly and mature fiber formation of the 

native peptide was slow. Throughout the MTT assay, most 

peptide molecules were in an intermediate oligomeric state, thus 

leading to cell toxicity. However, the reverse peptide self-

assembled at a much faster rate and most of the peptide 

molecules transformed into mature fibers during the 

experimental time scale, thus resulting in no significant cell 

toxicity. We also examined the stability of the two peptides in 

the presence of human serum.15 The results indicate both 

peptides to be quite stable as no degradation was observed up to 

72 h in the presence of proteolytic enzymes (ESI Figure S5, S6).   

We studied the membrane interactions of the peptides to explore 

the mechanism of toxicity.1d For this, we used vesicles 

mimicking mammalian plasma membranes comprising 1,2-

dioleoyl-sn-glycero-3-phosphocholine (DOPC), cholesterol, and 

sphingomyelin (DOPC/Chol/Sph). Fig. 3c-f shows the 

fundamental differences in membrane interactions of the two 

peptides. Although both peptides fibrillized in either the 

presence or the absence of lipid bilayers, A(16-22) showed 

intimate interactions with lipid bilayers. As shown in Fig. 3c,d, 

the vesicles and fibrils of A(16-22) were bound, and no free 

vesicles are found. In contrast, for A(22-16), only a small 

amount of lipid vesicles adhered to the fibrillar structures (Fig. 

3e,f and ESI Figure S7 ). This difference in the interactions is 

probably due to the slightly different surface potential 

originating from the assembly state and structure which induced 

different organization of the charged residues on the 

oligomer/fibril surface. 

To elucidate the influence of lipid bilayer on peptide assembly, 

the kinetics of fibrillation was studied using Thioflavin T (ThT) 

fluorescence assay (Fig. 3g). Generally, ThT fluorescence 

increases in the presence of amyloidal fibrillar structures.16 

Likewise, increase in ThT fluorescence during a kinetic 

measurement indicates a process of fibril elongation.17 The 

reverse peptide did not display any fluorescence increase during 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 3 (a) ζ-potential of the two peptides. (b) MTT cell viability assay.  

(c-f) Cryo-TEM of A(16-22) (c,d) and A(22-16) (e,f) in the presence 
of lipid vesicles. Insets show negatively stained images of the peptides 

only. (g) Kinetics of peptide fibrillation using ThT fluorescence. (h) CD 

spectroscopy secondary structure analysis of A(16-22) and A(22-16) 
with and without lipid vesicles. In g and h: Blue and red spectra represent 

A(16-22) and A(22-16), respectively. Broken line represents peptide 

only and continuous line represents peptide with lipid vesicles. Scale bar 
for c-f is 200 nm.  

 

96 hours (only the first 20 hours are shown). This may be due to 

fast fibrillation and sedimentation of the aggregates. 

Nevertheless, the particular surface potential may also induce 

ThT adherence to the fibril surface without flattening the ThT 

probe to its fluorescent conformation. Moreover, the addition of 

lipid vesicles did not result in any change in ThT fluorescence. 

In contrast, A(16-22) showed a dramatic increase in 

fluorescence (dotted blue curve). This increase in florescence 

intensity is related to typical amyloid fibril elongation. 

Surprisingly, the addition of lipid vesicles resulted in inhibition 

of the fibrillation process, as exemplified by the reduction of 

fluorescence in the presence of lipid vesicles, as compared to 

their absence. The lowered maximal fluorescence indicates that 

addition of lipid vesicles resulted in inhibition of the fibril 

elongation step, rather than inhibition of early stages of 

aggregation from monomer to oligomer. 

To evaluate the impact of the lipid membranes on peptide 

conformation, CD spectra were recorded (Fig. 3h). The reverse 

peptide showed a spectrum with a minimum around 197 nm, 

correlated to a random coil structure. The presence of lipid 

vesicles resulted in a CD spectrum with minimum at 220 nm. 

However, the signal was extremely weak, possibly due to very 

low solubility of the peptide assemblies. The significant phase 

separation between peptide nanostructures and lipid vesicles was 

also identified in cryo-TEM images. In contrast, the random coil 
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conformation of the native peptide without lipid vesicles (broken 

blue line in Fig. 3h) changed dramatically in the presence of 

lipids, with the strong maximum at ~205 nm indicating the 

formation of a β-sheet like structural pattern with exposed Phe 

sidechains.18 Thus, the formation of β-sheet structure by the 

native peptide is not affected by the presence of lipid vesicles, in 

contrast to the reverse peptide.  

It has been shown that the effects of lipids on amyloid 

aggregation are diverse, among which modulating of aggregation 

pathways is the most significant.19 The charged membranes act 

as two-dimensional aggregation-templates to initiate the soluble 

random coil monomeric peptides to aggregate into β-sheet 

oligomers at a faster rate for native peptide. However, ThT 

kinetics suggests that the fibril elongation from the oligomeric 

state is inhibited in the presence of lipid bilayers. The heterotypic 

aggregation (peptide-lipid) follows an off-fibril formation 

pathway instead of homotypic (peptide-peptide) on-pathway. 

“Off-pathway” oligomers tend to have a longer half-life and are 

slow in converting into mature fibrils due to their potential 

stabilization in kinetic traps.  Thus, the presence of lipid vesicles 

significantly alters the aggregation pathways for the native 

peptide and induces oligomer-stabilizing conditions, which in 

turn causes amyloid cytotoxicity.  

In conclusion, our work sheds light on the observation that 

although the high toxicity of the Aβ(1-42) peptide leads to 

neuronal dysfunction, the reverse sequence Aβ(42-1) is non-

toxic, which has been assumed to be due to its inability to form 

ordered fibers. Using a core recognition motif of Aβ, here we 

demonstrate that although both peptide sequences aggregate to 

form fibrillar structures, they display markedly different 

aggregation kinetics. Moreover, the native peptide, not the 

reverse, shows strong cellular cytotoxicity. A membrane binding 

study reveals that the native peptide shows a strong affinity to 

lipid vesicles, resulting in stabilization of the oligomeric state. In 

contrast, the reverse peptide forms mature fibers at a much faster 

rate and is phase separated from the lipid vesicles. It has minimal 

affinity for the bilayer lipid vesicles and therefore does not show 

any toxicity. This study provides a firm foundation for the 

understanding of the influence of amino acid sequence order on 

amyloid assembly and function, which may pave the way to in-

depth understanding of the amyloid formation process.   
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