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Abstract
The effect of enantiomeric trifluromethyl-indolyl-acetic acid ethyl esters on the fibrillogenesis of
Alzheimer's amyloid β (Aβ) peptide is described. These compounds have been previously identified
as effective inhibitors of the Aβ self-assembly in their racemic form. Thioflavin-T Fluorescence
Spectroscopy and Atomic Force Microscopy were applied to assess the potency of the chiral target
compounds. Both enantiomers showed significant inhibition in the in vitro assays. The potency of
the enantiomeric inhibitors appeared to be very similar to each other suggesting the lack of the
stereospecific binding interactions between these small molecule inhibitors and the Aβ peptide.

Amyloid formation, either beneficial or harmful, is central to many life processes. Such protein
deposits are associated with several human diseases, including the Alzheimer's disease.1-6 As
a possible therapeutic option, the theory of self-assembly inhibition of Alzheimer's amyloid-
beta (Aβ) peptide has been widely tested and many effective inhibitors have been described,
usually in two broadly defined categories: small molecule and peptide-based inhibitors.6-12

Among these inhibitors there are several compounds, either natural or synthetic, that are chiral.
However, the role of molecular chirality during the self-assembly is poorly understood and
only sporadically investigated. There are many reasons to broaden these investigations. First,
if such molecules ever reach the clinical trial phase, data regarding both enantiomers of a drug
candidate are required. Aside from this practical reason, the role of chirality in the design and
action of Aβ inhibitors is still unclear. The literature appears to be very limited on this issue.
A recent study on amyloid type fibrils, including Aβ, reported the formation of specific amyloid
suprastructures of helical chirality indicating that Aβ is sensitive to a chiral environment.13

Regarding inhibition-related investigations similar conclusions were drawn by Chalifour et
al. using peptide-based inhibitors.14 The authors observed that peptide inhibitors assembled
from the unnatural D-enantiomer of the amino acids exhibited significantly stronger potency
in inhibition than that of the peptides synthesized from L-amino acids.14 In contrast, using both
enantiomers of nicotine, an alkaloid, in Aβ self-assembly and neurotoxicity inhibition Allsop
et al. found that the absolute configuration did not play a significant role in determining
potency.15 The two nicotine enantiomers showed consistent activity within ∼10% range. Based
on their studies the authors concluded that the effect of nicotine cannot be due to a stereospecific
binding between the alkaloid and the peptide.15
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Organofluorine compounds are of exceptional interest in medical applications;16 in fact,
approximately 20% of all currently approved drugs contain at least one fluorine atom.17 Several
organofluorine compounds have already been shown to inhibit Aβ self-assembly.18 In an earlier
study, we introduced a new class of organofluorine inhibitor compounds. We have designed
and synthesized several indolyl-trifluoromethyl-hydroxypropionic acid esters and based on the
structure-activity relationship we have identified three lead compounds.19

Herein, continuing these investigations, we describe the specific effect of the chirality of our
lead compounds on the inhibition of Aβ self-assembly. We demonstrate the efficacy of the
enantiomeric compounds in the in vitro assays and place our data in context with literature
findings on the enantiospecificity of the inhibition.

The structures of the enantiomeric inhibitor lead compounds are shown in Fig. 1. These
compounds are Cl, Br, and I derivatives of the core structure. We have also examined the F
containing derivative, and found that its inhibition potential was only ∼40 %.19 Thus, we
decided not to include that compound in further studies.

The synthesis of the compounds has been carried out based on our earlier work using
cinchonidine (CD) and cinchonine (CN) organocatalysts.20,† While CD provided the (S)-
products, CN resulted in the formation of the (R)-enantiomers (Fig. 2). The enantiomeric
excesses of the products were determined by chiral HPLC or 19F NMR spectroscopy.21

The efficacy of the inhibitors have been evaluated by the commonly applied Thioflavin-T
(THT) assay.22,‡ The calculated intensity (ITHT) values were based on maximum fluorescence
intensities in the 480-490 nm region (emission spectra) after subtracting the background
fluorescence of the starting solutions (0 hour). The samples were incubated for up to 140 h,
and the increase in the fluorescence intensities were periodically measured (Fig. 3).

The results indicate, that as expected on the basis of the data obtained with the racemic samples
earlier19 the chiral inhibitors actively block the self-assembly of the Aβ peptide, however, the
difference between the two enantiomers appears to be minor. The 94 h data were used to
calculate the percentile inhibition compared to the control samples. The signal of the control
samples reaches saturation at 94 h, and the measurements are not significantly affected by the
solvent evaporation yet, as it is a frequent problem with longer incubation times.

According to the comparative data presented in Fig. 4 the enantiomers show similar potency.
Based on the statistical analysis of the data (Student's t-test) it can be concluded with 95%
confidence that there is no significant difference between the mean values of the enantiomeric
compounds.

Further morphological characterization of the samples was carried out by Atomic Force
Microscopy, using a Quesant Q-Probe 360 microscope in non-contact mode (Fig. 5).23, §

†Indoles (1) and ethyl trifluoropyruvate (2) were reacted in a glass reaction vessel in diethylether at −8 °C. Cinchonidine (CD) and
cinchonine (CN) were used as catalysts. The progress of the reaction was monitored by TLC. After the reaction was completed, the
solvent and excess 2 were removed by evaporation. The catalyst was removed by a treatment with 500 mg of K-10 montmorillonite, and
then the solvent was evaporated. The crude products were purified by flash chromatography.
‡The synthetic lyophilized Aβ1-40 peptide was dissolved in 100 mM NaOH to a concentration of 40 mg/ml and diluted in 10 mM HEPES,
100 mM NaCl, 0.02% NaN3 (pH=7.4) buffer to a final peptide concentration of 100 μM. The inhibitors were dissolved in DMSO and
added to the Aβ samples (inhibitor/Aβ=10). After 30 s of vigorous vortexing the solutions were incubated at 37°C with gentle shaking
(77 rpm) and the increase in fibril amount in each sample was followed by Thioflavin-T fluorescence, and atomic force microscopy
(AFM). The fluorescence measurements have been carried out using a Hitachi F-2500 fluorescence spectrophotometer. The incubated
peptide solutions were briefly vortexed before each measurement, and then 3.5 μl aliquots of the suspended fibrils were withdrawn and
added into 700 μl of 5 μM Thioflavin-T prepared freshly in 50 mM glycine-NaOH (pH=8.5) buffer. The fluorescence spectra of these
mixtures have been measured at 430 nm (excitation) and 484 nm (emission) wavelengths, respectively. None of the inhibitor compounds
showed fluorescence intensity in this region.
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The AFM images corroborate with the findings of the fluorescence spectroscopic assays. The
image of the control shows well-developed fibrils as expected (Fig. 5 (a)). Such extended
network of fibrils did not form in the presence of inhibitors. The comparison of the images of
samples incubated with inhibitors shows a small amount of fibril in Fig. 5 (b), (c) and (d),
where according to Fig. 4 the inhibition is 60-80%. The images obtained with (R)- and (S)-I
inhibitors show certain protein deposits, possibly amorphous aggregates and protofibrils, rather
than fibrils (Fig. 5 (f) and (g)), while the presence of (S)-Br resulted in the complete lack of
protein deposits (Fig. 5 (e). While the AFM cannot give quantitative information, the visual
analysis of the images is in good correlation with the data in Fig. 4. These results confirm that
similar to their racemic mixtures the enantiomers of our lead compounds can also significantly
inhibit the fibrillogenesis of Aβ. The individual enantiomers studied in this work demonstrated
similar inhibition potency. Our data are in a close agreement with results from Allsop's group,
whom described the behavior of nicotine enantiomers. The authors reported only ∼10%
difference in the respective efficacy of the enantiomers. While the data at present are limited
to basic nicotine enantiomers and acidic trifluoromethyl-indolyl-hydroxypropionic acid esters
from this work, it appears that when using small molecule inhibitors the chemical nature,
substituents, steric demand and electronic character of the molecule determines the inhibitor-
like characteristics. The role of the absolute configuration or exact 3D structure is rather minor.
This suggests that the inhibitory effect of these compounds is not the result of highly
stereospecific binding between these molecules and the Aβ peptide, but rather non-
stereospecific binding forces. In the case of the present compounds the role of the halogens is
not quite clear yet. As the potency increases from F to I significantly (40% to ∼97%)19 it
appears that the size plays a role rather than their distance from the chiral center. On the
contrary, when using a peptide-based inhibitor the individual chirality of the amino acids
appears to be of paramount importance, which indicates the highly stereospecific nature of the
small peptide-Aβ interaction, probably due to peptide-peptide interactions via β-strands.

In conclusion, the present work demonstrates that the individual enantiomers of substituted
trifluoromethyl-indolyl-hydroxypropionic acid esters are potent inhibitors of the Aβ self-
assembly. Furthermore, the data indicated that these (R) and (S) optical isomers exhibit
comparable in vitro inhibition activity to each other. Our results present further evidence and
confirmation of the lack of stereospecific binding interactions between small molecule
inhibitors and the Aβ peptide providing important details for the future design of effective
inhibitors.
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Figure 1.
Structure of the enantiomeric indolyl-trifluoromethyl-hydroxypropanoic acid esters used in
this study.
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Figure 2.
Schematic synthesis of the chiral inhibitors.
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Figure 3.
Time dependence of the THT fluorescence values (ITHT) of the inhibition of Aβ fibrillogenesis
by (R)- (■) and (S)- (▲) enantiomers of Cl (a), Br (b) and I (c), compared to the inhibitor-free
control sample (◆). The data are average of parallel experiments, the values represent means
± standard deviation (n=4-5).
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Figure 4.
Inhibition of Aβ1-40 fibrillogenesis by enantiomeric trifluoro-hydroxylindolyl-propionic acid
esters at molinhibitor/molpeptide=10 stoichiometry. THT fluorescence intensities (ITHT) are
normalized to that of the inhibitor-free Aβ1-40 sample (control); (R)-enantiomers are shown in
blue, and (S)-enantiomers in white. The data are average of parallel experiments, the values
represent means ± standard deviation (n=4-5).
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Figure 5.
Atomic Force Microscopy images of Aβ1-40 samples incubated in the presence of (a) control,
10μm2 scan with z-axis of 2.6 μm, (b) (R)-Cl, 10μm2 scan with z-axis of 97.98 nm, (c) (S)-
Cl, 10μm2 scan with z-axis of 161 nm, (d) (R)-Br, 10μm2 scan with z-axis of 143 nm, (e) (S)-
Br, 10μm2 scan with z-axis of 183 nm, (f) (R)-I, 6 μm2 scan with z-axis of 59.37 nm, (g) (S)-
I, 6 μm2 scan with z-axis of 105 nm.
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