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Abstract

Amyloid β is an inherently disordered peptide that can form diverse neurotoxic aggregates, and its 

42 amino acid long isoform is the believed culprit of Alzheimer’s Disease. Cellular uptake of the 

peptide is a pivotal step for it to be able to exert many of its toxic actions. The cellular uptake 

process is complex, and numerous competing internalization pathways have been proposed. To 

date, it remains unclear, which of the uptake mechanisms are particularly important for the overall 

process, and improving this understanding is needed, so that better molecular therapeutics of 

Alzheimer’s Disease can be designed. Chirality can be used as a unique tool to study this process, 

because some of the proposed mechanisms are expected to proceed in stereoselective fashion, 

whilst others are not. To shed light on this important issue, we synthesized fluorescently labelled 

enantiomers of Amyloid β and quantified their cellular uptake, finding that uptake occurs in 

stereoselective fashion, with a typical preference for the L-stereoisomer of ~5:1. This suggests that 

the process is predominantly receptor-mediated, with likely minor contribution of non-

stereoselective mechanisms.
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We made fluorescently tagged Aβ in its natural and mirror-image form and used the chiral 

reagents as tools to study cellular internalization. A significant preference for the uptake of the L-

stereoisomer was observed, which we interpret as evidence for receptor intermediacy. D-Aβ also 

being internalized, albeit less efficiently, indicates that other, non-stereoselective mechanisms, 

such as membrane poration and macropincytosis, likely contribute to the process to a degree.
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Amyloid β (Aβ) is an aggregation-prone, inherently disordered peptide that is produced by 

neurons through two sequential cleavage events from its trans-membrane protein precursor, 

APP, and can vary in length. The 40 amino acid variant (Aβ40) is produced predominantly, 

but the 42 amino acid isoform (Aβ42) is substantially more aggregation-prone and 

neurotoxic, and is believed to be responsible for some of the key actions that lead to synaptic 

dysfunction and neuronal death that is observed in Alzheimer’s Disease (AD).[1]

Although recent studies strongly suggest that intracellular accumulation of Aβ is required 

for the peptide to exert some of its key toxic actions,[2] there are substantial gaps in our 

knowledge of the mechanism of Aβ cellular uptake. Advances in our understanding of the 

phenomenon are urgently needed so that molecular therapeutics of AD targeting cellular 

uptake of Aβ can be rationally designed. Diverse biomolecules that could act as Aβ cellular 

binding partners and may lead to its internalization (i.e., receptors) have been proposed, 

including transmembrane proteins, lipids and other biomacromolecules.[3] However, 

receptor binding is not a strict pre-requisite for cellular uptake. For example, cells employ 

the macropinocytosis process to internalize molecules without the requirement of providing 

discrete molecular binding sites for them.[4] Membrane pore assembly is another 

mechanism, through which antimicrobial, aggregation-prone peptides can enter cells in a 

receptor-independent fashion.[5] All of the above have been proposed to contribute to Aβ 
cellular uptake to some degree, yet it remains unclear, which of the many postulated 

mechanisms are the dominant ones.

Chirality can be employed as a unique tool to distinguish between the two classes of peptide 

internalization mechanisms: receptor-mediated cell uptake events are likely to occur with a 

certain degree of stereoselectivity (which is referred to as uptake mechanism class I or the 

chirality-dependent uptake component), whereas receptor-independent processes lack the 

chiral interactions between the molecule that is being taken up and the cell and are not 

expected to proceed in a stereoselective fashion (which is referred to as uptake mechanism 

class II or the chirality-independent uptake component). Aβ42 cellular toxicity has been 

found to depend on chirality by us and others, with the natural (L-)Aβ42 stereoisomer being 

significantly more toxic than the mirror image (D-)peptide.[6] This led us to hypothesize that 

Aβ cellular uptake is a stereoselective process. To test this hypothesis, we synthesized 

fluorescently tagged Aβ enantiomers and used them as tools to study the stereoselectivity of 

the Aβ cellular uptake process.
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Using microwave-assisted, Fmoc-based solid phase peptide synthesis, we made the two 

enantiomers (L/D) of Aβ(40/42). The peptides were labeled with 5(6)-

Carboxytetramethylrhodamine (TAMRA), following our published methods (see also SI 

experimental description as well as Figures S1-S4).[6a] Thioflavin T (ThT) fibril formation 

assays were conducted and showed L- and D-Aβ42 to form fibrils with T1/2 values that were 

consistent with our previous studies and, as expected, within experimental error between the 

two enantiomers (Figure 1; T1/2;L-Aβ42 = 21.0 ± 0.7 min; T1/2;D-Aβ42 = 20.2 ± 0.2 min).

We found the N-terminal TAMRA derivatization not to affect fibril formation properties in 

any significant fashion (Figure 1; T1/2;L-Aβ42-TAMRA = 22.6 ± 0.7 min; T1/2;D-Aβ42-TAMRA = 

21.8 ± 0.4 min), which is consistent with previous reports.[7] Fibril formation of TAMRA-

labeled Aβ (i.e, (L/D)-Aβ42-TAMRA)) was monitored through TAMRA fluorescence 

quenching upon fibril assembly.[7a] Fibril formation was confirmed via TEM (Figure S5).i 

We found this modification to not influence cellular toxicity to any significant degree 

(Figure S6).

To determine the dependence of cellular uptake on Aβ chirality, confocal imaging 

experiments were conducted. SH-SY5Y human neuroblastoma cells were incubated with 

TAMRA labeled peptide solutions (5 μM, 2 h), counter-stained with the Hoechst nuclear 

stain, washed with DPBS (i.e., PBS containing calcium and magnesium) and imaged (see SI 

for a detailed procedure). A significant and consistent difference in uptake quantity was 

noted between L- and D-Aβ, which was observable for both the 40 and the 42 amino acid 

long isoforms (Figure 2). Bright intracellular puncta were clearly visible, which is in 

agreement with a recent study that probed intracellular localization of L-Aβ42 to SH-SY5Y 

and reported the majority of it to localize to cell lysosomes.[8] We confirmed this further by 

conducting lysotracker co-staining experiments for both Aβ stereoisomers and isoforms 

(Figure S7). Prolonged incubation of SH-SY5Y cells with (L/D)-Aβ42-TAMRA (15 h 

instead of 2 h) revealed a consistent preference for the internalization of the L-stereoisomer 

(Figure S8), which was also re-capitulated in PC12 cells (Figure S9).

To further examine Aβ cellular uptake differences in a more quantitative, unbiased fashion, 

flow cytometry experiments were performed (Figure 3). Cells were incubated with 5 μM 

(L/D)-Aβ(40/42) peptide for 2 h, which is identical to conditions that were employed in 

confocal imaging experiments (Figure 2). Following this incubation, cells were rinsed with 

PBS, trypsinized, pelleted, re-suspended in PBS and subjected to flow cytometry analysis 

(see SI for a more detailed description). A 5.45-fold difference (p<0.01) in SH-SY5Y 

cellular peptide was observed between L-Aβ42 and D-Aβ42. Stereodifferentiation was still 

highly significant, albeit less pronounced, for the Aβ40 isoform, with L-Aβ40 localizing to 

SH-SY5Y cells 2.9-fold more efficiently (p<0.001) than D-Aβ40. A 1.85-fold stronger 

signal (p<0.05) was measured for L-Aβ42 than for L-Aβ40, which is in good agreement 

with an ~2-fold difference that was reported previously.[9] We also found this trend to hold 

true over a range of (L/D)-Aβ42 concentrations (Figure S10). In further support of 

stereoselectivity of the cellular uptake process, a comparable preference for the L-

iAnalogous ThT fibril formation assays were also performed with (L/D)-Aβ40 and (L/D)-Aβ40-TAMRA, but the T1/2 variance 
between experiments was too large, rendering the outcome of those measurements inconclusive.
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stereoisomer was observed via flow cytometry for the Aβ42 isoform in PC12 cells and in rat 

primary hippocampal neurons (Figure S11). In a separate experiment, SH-SY5Y cells were 

incubated with (L/D)-Aβ42-TAMRA for 2 h at 4 °C (Figure S12) and, in agreement with a 

previous study,[9] showed low fluorescence, indicating limited membrane binding. This 

further corroborates our interpretation that the fluorescence measured by flow cytometry for 

cells incubated with Aβ at 37 °C (Figure 3, Figure S10 and Figure S11) stems from 

intracellular and not membrane-bound peptide, and is also consistent with the confocal 

microscopy experiments (Figure 2 and Figure S7).

Experiments presented above demonstrate that molecular chirality is an important 

determinant of cellular uptake of Aβ. Consistent trends were observed for both the Aβ40 

and the Aβ42 peptide isoforms by confocal microscopy and flow cytometry in two model 

cell lines (SH-SY5Y cells and PC12 cells) at various incubation times (2 and 15 h) over a 

range of concentrations (0.1 μM to 5 μM). The trend was also found to hold true with 

primary neurons. The level of generality observed suggests that intracellular (e.g., 

lysosomal) peptide degradation, which may occur at different rates for the two Aβ40/42 

enantiomers, is unlikely to contribute to more than a minor degree to the overall picture that 

emerged from our study. Because chiral interactions between the cell and the peptide are a 

pre-requisite for stereodifferentiation, our findings strongly suggest cellular uptake of Aβ to 

be receptor-mediated to a substantial degree. Cellular uptake of the D-enantiomer, whilst 

significantly less pronounced, was still clearly and consistently detectable in all experiments, 

pointing towards the complexity of the process and suggestive of multiple mechanisms of 

intracellular localization being at play simultaneously. The ~5:1 ratio, which is a 

representative stereoselectivity ratio for cellular uptake of the two Aβ42 enantiomers, can be 

interpreted as follows: approximately 80 % of L-Aβ42 is taken up by cells through chirality-

dependent mechanisms (i.e., uptake mechanism class I), whereas the residual ~20 % enter 

the cells by a chirality-independent (i.e., class II) mechanism. Some likely contributors are 

discussed below.

Class I:

The stereoselective component of Aβ cellular uptake has to arise as a consequence of 

interactions of the peptide with cell-associated chiral binding partners. Diverse biomolecules 

have been proposed to contribute to intracellular Aβ localization, including the 

transmembrane proteins PrP and RAGE, as well as the soluble protein APOE, inter alia.
[3a,b,10] Head groups of certain lipids, such as the GM1 ganglioside and phosphatidylserine, 

have also been found to play roles in physiologically relevant interactions between Aβ and 

cellular membranes.[3c,d,11] Because binding of Aβ to membranes can affect its aggregation 

properties and cellular internalization capacity, interactions between Aβ and chiral lipid 

head groups may also make contributions to stereoselectivity of Aβ cellular uptake by 

providing chiral binding sites on cell membranes.

Class II:

The non-stereoselective component of Aβ uptake likely arises through mechanisms of action 

that does not involve the establishement of chiral interactions between the peptide and the 
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cell. For example, macropinocytosis can be expected to operate with no chiral preference, 

and has been suggested to play a role in cellular uptake of Aβ.[9] Membrane poration 

constitutes another mechanism that has been discussed as a potential contributor to Aβ 
uptake and toxicity.[12] This mechanism of action is perhaps most well-established in the 

context of antimicrobial peptides. As such, in the seminal study published by Merrifield and 

co-workers in 1990, it was found that L- and D-enantiomers of three α-helical peptides 

(cecropin, magainin, and melittin) were equally potent as pore-forming antibacterial 

peptides.[5b] It should be noted that there is evidence for Aβ to have antimicrobial activity,
[13] which is likely related to its ability to permeabilize membranes of pathogens.

In summary, we made fluorescently tagged Amyloid β enantiomers of the 40 and 42 amino 

acid long isoforms, and were able to use them as mechanistic tools to gain unique insights 

into the cellular uptake process, which is believed to be a critical step for various toxic 

actions of the peptide to become manifest.[2] A conundrum for the field for over two 

decades, innumerable uptake mechanisms have been proposed, often with contradictory 

implications.[6b,14] We find that Aβ uptake depends on chirality of the peptide, with a typical 

preference ~5:1 for the L-stereoisomer. Consistent observations are made for both Aβ40 and 

Aβ42 in SH-SY5Y and PC12 cells, using flow cytometry and confocal microscopy. Our 

results provide a new perspective on the cellular Aβ uptake process, through which it 

emerges as a multi-mechanism process that is dominated by a stereoselective, receptor-

mediated component.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Fibril formation kinetics of (L/D)-Aβ42 monitored by Thioflavin T (ThT, 20 μM) 

fluorescence and (L/D)-Aβ42-TAMRA monitored by TAMRA self-quenching at 37 ˚C in 

PBS (pH 7.4; Aβ at 20 μM in all cases). Each data point is an average of five replicates with 

error bars representing the standard deviations.
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Figure 2. 
Confocal microscopy imaging of SH-SY5Y cells incubated with (L/D)-Aβ(40/42), as 

indicated, at 5 μM for 2 h and rinsed with DPBS prior to imaging. TAMRA (TAMRA-Aβ 
uptake): excitation at 543 nm, emission over 590–720 nm; Hoechst (nuclear staining): 

excitation at 405 nm; emission over 415–485 nm. Scalebar: 30 μm.
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Figure 3. 
A) Flow cytometry quantitation of TAMRA-labeled (L/D)-Aβ(40/42) uptake by SH-SY5Y 

(human neuroblastoma) cells, as indicated; representative biological replicate shown. Cells 

were exposed to 5 μM Aβ for 2 h, and then analyzed by flow cytometry (10,000 cells 

sampled per condition; only live cells selected for analysis; data analyzed using the FlowJo 

software package). B) Relative uptake levels of (L/D)-Aβ(40/42)-TAMRA, obtained through 

averaging of three biological replicates (D-Aβ42 uptake was normalized to 1). Live cells 

were selected via LIVE/DEAD Fixable Violet Dead Cell Staining (see SI for descriptive 

protocols and individual biological replicates of the experiments).
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