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Addition of mirror-image Aβ42 to the natural L-enantiomer 
suppresses oligomer formation and yields non-toxic fibrils 

Subrata Dutta, [a] Alejandro R. Foley, [a] Christopher J. A. Warner,[a] Xiaolin Zhang,[b],[c]  Marco Rolandi,[b] 

Benjamin Abrams,[d] and Jevgenij A. Raskatov[a],* 

 

Abstract: Racemates often have lower solubility than enantiopure 

compounds, and mixing of enantiomers can enhance aggregation 

propensity of peptides. Amyloid β (Aβ) 42 is an aggregation-prone 

peptide, believed to play a key role in Alzheimer’s Disease. Soluble 
Aβ42 aggregation intermediates (oligomers) have emerged as 

particularly neurotoxic. We hypothesized that addition of mirror 

image (D-) Aβ42 should reduce the concentration of toxic oligomers 

formed by natural (L-) Aβ42. We synthesized L- and D-Aβ42 and 

found their equimolar mixing to lead to accelerated fibril formation. 

Confocal microscopy with fluorescently labeled analogs of the 

enantiomers showed their co-localization in racemic fibrils. 

Reflecting enhanced fibril formation propensity, racemic Aβ42 was 
less prone to form soluble oligomers. This resulted in protection of 

cells from toxicity of L-Aβ42 at concentrations ranging up to 50 μM. 
In summary, mixing of Aβ42 enantiomers induces accelerated 

formation of non-toxic fibrils. 

Enantiomers and racemates of the same molecule may exhibit 

drastically different properties upon aggregation, which can lead 

to pronounced differences in both structure and reactivity of the 

resultant molecular assemblies.[1] Pauling and Corey in 1953 

proposed that racemic peptide mixtures should be able to form 

stable structures with alternating L- and D-amino acid-derived 

peptide units. The authors referred to this arrangement as the 

„rippled sheet“ configuration.[2a] Recent studies have shown that 

such heterochiral interfaces can indeed be formed from 

biologically relevant peptides.[2b] Mixing of the enantiomers of 

certain intrinsically disordered peptides was also found to lead to 

the formation of peptidic frameworks with enhanced stability.[3]  

Amyloid beta (Aβ) is a hydrophobic, intrinsically disordered, 
aggregation-prone peptide that is believed to play a pivotal role 

in Alzheimer’s disease.[4] Aβ is produced as a cleavage product 
of the transmembrane protein APP and can range from 36 to 43 

amino acids in length.[4a] The 40 amino acid long variant (Aβ40) 
is the most abundant form of the peptide, but its 42 amino acid 

long analogue (Aβ42) is substantially more neurotoxic, which 

has been attributed to the higher aggregation propensity of the 

latter.[5] Although Aβ42 fibrils were initially believed to be the 

disease culprit, intermediates of aggregation (commonly referred 

to as diffusible oligomers) have been recognized as significantly 

more harmful.[5b] Aβ peptides can form diverse fibrillary 

aggregates,[6] and cases exist, where Aβ42 fibrils were found to 

be non-toxic.[7]  

  Racemates often have lower solubility than their 

enantiopure counterparts.[1a] Because Aβ42 fibrils are believed 

to act as (potentially protective) reservoirs that scavenge the 

toxic oligomers,[8] we hypothesized that mixing of the Aβ42 

enantiomers should accelerate fibril formation and attenuate 

toxicity of the native L-peptide.   

We synthesized the natural L-Aβ42 as well as its mirror 

image, i.e., the D-enantiomer (see Figure S1 and associated SI 

for preparative procedures). As expected, the two peptides had 

reciprocal circular dichroism (CD) spectra,[9] and equimolar 

mixing of L- and D-Aβ42 led to disappearance of the CD signal 

(Figure S2). We employed the Thioflavin T (ThT) assay to 

measure kinetics of fibril formation of the two enantiomers of 

Aβ42 and their racemic mixture. In agreement with previous 

reports,[9b] both enantiopure compounds exhibited a sigmoidal 

fibril growth profile.  

 

 

Figure 1. Aggregation kinetics of (A) L-Aβ42 (10, 20 µM), (B) D-Aβ42 (10, 20 

µM) and (C) rac-Aβ42 (20, 10 µM total concentration) monitored by Thioflavin 

T (ThT, 20 µM) fluorescence at 37 °C in PBS (pH 7.4) in presence of 0.02% 
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NaN3. Racemic Aβ42 was prepared by mixing equal amounts of L-Aβ42 and 

D-Aβ42 in 20 mM NaOH before diluting with PBS. Each data point is an 

average of three replicates with error bars representing the standard 

deviations. (D) Half times (t½) of Aβ42 fibril formation; t½ is defined as time 

required to reach half the maximum fluorescence intensity measured in ThT 

assays (A-C). See SI for more details. Transmission electron microscopy 

(TEM) of the fibrils of (E) L-Aβ42, (F) D-Aβ42 and (G) racemic Aβ42. Samples 

were taken directly from the ThT assay (20 µM) at the endpoint of the 

experiment. All scale bars are 200 nm. See SI Appendix A for further TEM 

images. 

 

Both enantiomers had a lag phase of 20-30 min (Figure 1A,B). 

Consistent with recent reports, longer incubation times were 

needed at lower concentrations.[10]  The racemic mixture showed 

a qualitatively different fibril formation profile that was devoid of 

any lag phase (Figure 1C). The induction period in the 

enantiopure cases was followed by rapid increase in 

fluorescence, diagnostic for fibril formation. Time required to 

reach half of the maximum fluorescence (t1/2) was comparable 

for the two enantiomers, but substantially shorter with 

theracemate , exhibiting a 3 to 4-fold acceleration of fibril 

formation (31.4 ± 2.6 min, L-Aβ42, 20 µM; 37.6 ± 0.5 min, D-

Aβ42, 20 µM; 9.8 ± 0.4 min, rac-Aβ42, 20 µM). Racemic Aβ42 

also exhibited lower final fluorescence (~2-fold reduction at 20 

µM total concentration, see Figure 1). Consistent trends were 

observed at lower concentrations (Figure 1A-D), whereas the 

racemic mixture prepared from 20 µM each L- and D-Aβ42 (40 
µM total) resulted in fibril formation that was too rapid to monitor 

(Figure S3)a Fibrils formed in the ThT experiments were readily 

observed via TEM, both for the two enantiopure samples as well 

as the racemate (Figure 1E-G shows representative images and 

SI appendix A displays all TEM images obtained, 100 per 

condition). 

Results from ThT experiments suggested that fibrils 

obtained from rac-Aβ42 were distinct from those formed by 

enantiopure materials. To better understand the composition of 

the racemic fibrils, we made fluorescently labeled analogs of the 

two Aβ42 enantiomers. L-Aβ42 was N-terminally labeled with 

5(6)-Carboxyfluorescein (denoted as L-Aβ42-FAM) and D-Aβ42 

was N-terminally labeled with 5(6)-Carboxytetramethyl-

rhodamine (denoted as D-Aβ42-TAMRA). Chemical 

modifications were performed as described in the SI, (Figure S6). 

The use of conditions employed in ThT experiments was found 

to yield fibrils of the fluorescently labeled peptides (Figure S7). 

Two-channel confocal imaging was performed (Channel 1, FAM: 

excitation at 476 nm, emission over 484-514 nm; Channel 2, 

TAMRA: excitation at 543 nm; emission over 630-690 nm). 

Under those conditions, we found the L-Aβ42-FAM fluorescence 

to be detectable exclusively via Channel 1 (Figure 2A), whereas 

D-Aβ42-TAMRA was seen via Channel 2 only (Figure 2B). 

Importantly, fibrils grown from an equimolar (i.e., “racemic”) 
mixture of L-Aβ42-FAM and D-Aβ42-TAMRA were fluorescent in 

                                                 
a
 We performed the corresponding ThT fibril formation experiments with the 

Aβ40 isoform and observed accelerated fibril formation for the racemic mixture 
there as well (Figure S4). Our racemic fibril formation experiment has to be 
distinguished from the seeding experiment performed by Esler et al.,

11
 where 

pre-formed fibrils of L-Aβ40 were found to seed stereospecifically the 
fibrillization of the L- (but not D-) enantiomer. We found their results to 
qualitatively hold true for the Aβ42 system as well (Figure S5). 

both channels (Figure 2C), and the two signals had high degree 

of co-localization (Pearson Correlation Coefficient, PCC = 0.93; 

see SI for details). On the other hand, when mature fibrils that 

had been grown from either L-Aβ42-FAM or D-Aβ42-TAMRA 

were subsequently mixed, we found that these mixtures were 

fluorescently active either via Channel 1 (L-Aβ42-FAM) or 

Channel 2 (D-Aβ42-TAMRA), with very low signal co-localization 

(Figure 2D; PCC = 0.03). 

 

 
Figure 2. Two-channel confocal microscopy imaging (Channel 1, left panel, 

monitors FAM: excitation at 476 nm, emission over 484-514 nm; Channel 2, 

middle panel, monitors TAMRA: excitation at 543 nm; emission over 630-690 

nm; right panel: merging of Channels 1 and 2 allows to probe for co-

localization of the fluorescent labels). L-Aβ42-FAM fibrils were fluorescentl in 

Channel 1, but not Channel 2 (A), whereas D-Aβ42-TAMRA fibrils were active 

via Channel 2 only (B). Fibrils grown from an equimolar mixture of L-Aβ42-

FAM and D-Aβ42-TAMRA were fluorescently active in both Channel 1 and 2, 

with robust signal co-localization (C). In a control experiment (D), fibrils grown 

from either L-Aβ42-FAM or D-Aβ42-TAMRA were subsequently mixed and 

were fluorescently active either in Channel 1 or Channel 2, with very low co-

localization. Scalebar: 20 µm. 

 

The acceleration of fibril formation from racemic Aβ42 (Figure 1) 

and the co-localization of L- and D-Aβ42 in fibrils grown from the 
racemic mixture (Figure 2C) prompted us to investigate earlier 

stages of aggregation. To measure the abundance of oligomers 

in solution, we conducted PICUP experiments.[5c] Performed with 

either enantiopure Aβ42 (L- or D-, 50 µM) or their racemic 

mixture (50 µM L- and 50 µM D-), the experiment revealed 

suppression of oligomer formation with rac-Aβ42 (Figure 3A), 

which was accompanied by an increased formation of a high 
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molecular weight band (see arrow in Figure 3A). Indicating 

increased formation of larger aggregates, this is consistent with 

the enhancement of fibril formation upon mixing of the two 

enantiomers (Figure 1). The oligomer distribution obtained from 

L-Aβ42 was consistent with previous reports by us and others, 

[5c,12] and D-Aβ42 showed a virtually identical oligomerization 

pattern, as expected for a mirror-image peptide. The 

suppression of oligomer formation from L-Aβ42 showed dose 
dependence upon addition of sub-stoichiometric amounts of D-

Aβ42 above a 4:1 ratio.  
 

 
Figure 3. A) A PICUP gel of L- and D-Aβ42 (50 µM), as well as various 

mixtures of the two enantiomers. In mixtures, L-Aβ42 was always kept at 50 

µM, and D-Aβ42 covered the range between 50 µM and 1.56 µM, as indicated. 

(B-D) representative TEM images for L-, D- and rac-Aβ42 aggregation 

intermediates (Scalebar: 200 nm). Samples were prepared as described in SI 

Appendix B; method adopted from ref. 13. (E-G) representative AFM images 

for L-, D- and rac-Aβ42 aggregation intermediates, sample preparation same 
as TEM (Scalebar: 1000 nm); see SI for further TEM and AFM images. 

 

We explored the inhibition of oligomer formation further by 

conducting TEM experiments on aggregation intermediates, 

following recently published protocols  (see SI Appendix B).[13] 

These experiments revealed that both L- and D-Aβ42 were 
forming spherical oligomers with diameters of 12.9 ± 3.7 nm and 

13.6 ± 4.1 nm, respectively (Figure 3B,C), which is consistent 

with literature values (see SI Appendix B for further images and 

histogram analysis of oligomer size distribution).[13] With rac-

Aβ42, we observed a more heterogeneous mixture of 

aggregation intermediates, which frequently contained advanced 

(fibrillary) aggregates. Atomic Force Microscopy (AFM) 

confirmed the presence of these aggregation intermediates 

(Figure 3E-G; see Figure S8 for further images). From AFM 

imaging, both L- and D- Aβ42 were more likely to form oligomers 
and only few fibrils. (Figure 3E,F) By comparison, rac-Aβ42 
produced more fibrils with high aspect (Figure 3G). Oligomers 

obtained from enantiopure (L- or D-) Aβ42 were disc-shaped 

and had an average height of ~0.2-0.3 nm, which is in 

agreement with previous reports.[13] With rac-Aβ42, on the other 

hand, the average height of the oligomers was higher at 0.4 nm 

and the average height of the high aspect ratio fibers was ~3 nm, 

reflecting the enhanced aggregation propensity upon mixing of 

the two enantiomers. Overall, the results from AFM imaging 

were in qualitative agreement with TEM.  

Taken together, our findings on Aβ42 aggregation inter-
mediates (Figure 3) were consistent with the observation that 

mixing of the enantiomers accelerates fibril formation (Figure 1) 

and that the enantiomers co-localize in fibrils grown from rac-

Aβ42 (Figure 2). 
Diffusible Aβ42 oligomers have been recognized as 

particularly toxic, [5] and we found their concentration to be 

substantially reduced in the racemate. Hence, we hypothesized 

that rac-Aβ42 should exhibit reduced cytotoxicity in comparison 
to (natural) L-Aβ42. Incubation of PC12 neuron-like cells with 20 

µM L-Aβ42 reduced cell viability (measured via WST-1 assay, 

see SI for details) by ~25 %, which is in agreement with our 

previous findings (Figure 4A).[12] The D-enantiomer was non-

toxic under those conditions. The addition of one equivalent D-

Aβ42 to L-Aβ42 prior to dosing the PC12 resulted in full 

suppression of toxicity (final concentration of L-Aβ42 in the 
racemate was 20 µM). Because cytotoxicity observed with L-

Aβ42 at 20 µM was modest, we also conducted the experiment 

at 50 µM. At that concentration, L-Aβ42 reduced PC12 viability 
by 60 %, whereas D-Aβ42 again showed no toxicity. 
Remarkably, in the racemic mixture (50 µM L-Aβ42 and 50 µM 

D-Aβ42) the toxicity of L-Aβ42 was completely suppressed. We 

also measured partial toxicity reduction against PC12 cells by 

WST-1 in the mixture of 50 µM L- / 25 µM D-Aβ42, but not 50 

µM L- / 12.5 µM D-Aβ42 (Figure S9). 

Consistent observations were made when the MTT 

cytotoxicity assay was employed in place of WST-1 (Figure 4B 

and Figure S10), and when the SH-SY5Y cell line was used 

instead of PC12 (Figure 4B). We did note marginaltoxicity of D-

Aβ42 against SH-SY5Y cells (~14% viability reduction). We are 

aware of two independent studies that compared L- and D-Aβ42, 

with apparently contradictory results.[9] The investigation by 

Cribbs et al. reported comparable toxicity for both L- and D-

Aβ42,[9a] whereas the study by Ciccotosto et al. found D-Aβ42 to 
be non-toxic.[9b] The first study used hippocampal neurons, while 

the second used cortical neurons. The different cell model 

systems chosen in those studies may underlie the apparent 

contradiction. We also measured LDH release induced by L- D- 

and racemic Aβ42 in PC12 cells. We found L-Aβ42 to induce 

~40 % maximum LDH release, whereas with D- or rac-Aβ42 it 
was less than 10 % (Figure S11). The amount of LDH released 

upon exposing PC12 cells to D- or rac-Aβ42 is comparable to 

that recently reported for scrambled Aβ42, which the authors 

also found to be non-toxic against rat brain endothelial cells by 

MTT.[14]  
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Figure 4. A) Cellular viability of the PC12 adhesive cell line in response to 

dosing in of varied concentrations of enantiopure (L- or D-) or racemic Aβ42 B) 

Cell viability (PC12 or SH-SY5Y) in response to treatment with either 

enantiopure (L- or D-; 50 µM in both cases) or rac-Aβ42 (50 µM L-Aβ42 and 
50 µM D-Aβ42). Cells were plated and allowed to adhere for 24 h. Peptides 

were then added and cells incubated for further 72 h. Cell viability was 

determined using the cell proliferation reagent WST-1 or MTT, as shown. Data 

are represented as mean ± s.d, (****P ˂ 0.0001, calculated by unpaired t-test).  

 

Examples of enhancement of Aβ42 fibrillization as a strategy to 

protect from toxicity are scarce.[7] Tailored D-peptides have been 

previously employed to attenuate Aβ42 aggregation,[15] but not to 

promote fibril formation. Our approach to induce non-toxic fibril 

formation through addition of mirror-image Aβ42 (i.e., “Chiral 
Inactivation”) is based on fundamentals of molecular stereoche-

mistry, and we were able to recapitulate the trend of accelerated 

fibril formation upon enantiomer mixing with the Aβ40 system 
(Figure S4). Of relevance to our work, Kar et al. found recently 

that mirror-image (D-)polyglutamine can recruit L-polyglutamine 

and lead to formation of potentially toxic inclusion bodies in cell-

based assays.[16] We therefore note that, although there appears 

to be some generality of stereochemical aspects underlying the 

formation of homo- and heterochiral aggregates from intrinsically 

disordered peptides, biological consequences will be specific to 

the system under study. 

In summary, we find that racemic Aβ42 forms fibrils 

substantially more rapidly than enantiopure, and that the 

fluorescently labeled derivatives of the two enantiomers co-

localize in racemic fibrils. Acceleration of fibrillization is 

accompanied by a suppression of oligomer formation with 

racemic Aβ42. These changes in aggregation properties lead to 

inhibition of toxicity against PC12 and SH-SY5Y cells.  
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We synthesized both enantiomers of 

Aβ42 and found their mixing to induce 
drastic acceleration of fibrillization. 

When made from fluorescently 

labelled analogues, racemic fibrils 

showed high degree of co-localization 

of the enantiomers. The racemate 

showed a reduced propensity to yield 

oligomeric aggregation intermediates, 

which, remarkably, resulted in 

inhibition of toxicity of the natural L-

Aβ42 enantiomer in the racemate. 
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